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Research on the interactions between microbes and polymeric materials constitutes 
an important part in antimicrobial identification and provides an insight into 
microbial response on the polymer surfaces. Herein, a high-content screening method 
with polymer microarray technology was developed to investigate microbe-polymer 
interactions, especially in studying adhesion/repellence of microbes (bacteria and 
parasites). Firstly, the polymer microarray approach was used to successfully identify 
polymers which either selectively captured or prevented the binding of major food-
borne pathogen, Salmonella Typhimurium. A parallel study with a lab strain of 
Escherichia coli was also carried out, revealing polymers which either displayed a 
common binding activity or which exhibited species discrimination. Likewise, this 
polymer microarray technology was applied to more bacterial strains, such as 
Campylobacter, Clostridium, Streptococcus, Klebsiella and their cocktails to 
discover families of substrates that displayed strong broad-spectrum bacterial non-
binding activity. These synthetic polymers represented a novel class of coating 
materials which can be used to prevent surface colonisation and subsequent 
formation of bacterial biofilms. The study of protozoan-polymer interactions was 
also explored in this thesis. Polymers were identified which either bound or 
prevented parasites (Crysporidium parvum and Giardia lamblia) binding. Material 
properties, including wettability, surface roughness and polymer composition were 
analysed to study correlation of parasite binding and the generation of polymer 
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Chapter 1  
Introduction 
 
1.1 Antimicrobials and Antimicrobial Polymeric materials 
1.1.1 A Brief Historical Sketch of Antimicrobials 
Antimicrobials are classes of compounds that are used to kill or slow the growth of 
microorganisms, particularly pathogens. The term, antimicrobial refers to all natural, 
synthetic and semi-synthetic compounds, such as host defense peptides or β-lactams, 
which are able to inhibit pathogenic microorganisms.  
The history of antimicrobial research is the history of mankind fighting 
against microbial infection over the centuries. Antimicrobials and antimicrobial 
materials still receive great attention while antimicrobial materials play an important 
role in almost every area of people’s daily lives, such as food packaging and storage, 
water purification, personal and public hygiene, and of course hospital and surgical 
equipment. This includes silver and silver salts that have been used medically for the 
treatments of wounds for over 2000 years and which today are widely used in a 
variety of applications. For example, silver sulfadiazine (SSD) is still one of the most 
widely used compounds for the topical treatment of burns1-3.  
In the middle of the nineteenth century, Pasteur demonstrated that “invisible 
organisms” (e.g. bacteria) were responsible for spoiling wine, beer and milk, and 
later introduced pasteurisation which could effectively kill bacteria in a liquid4. In 
the late 1880s, he accidentally found that one microorganism could inhibit the 
growth of another; although at that time it was not clear that an antibiotic was 
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produced4. Based on Pasteur’s germ theory, Lister proved that wounds were infected 
by microorganisms, and hence promoted the method of sterile surgery to prevent 
infectious diseases during surgical operations. He thus used phenol solutions to clean 
wounds and surgical instruments, which enormously reduced surgical infections for 
patients5.  
After the appearance of antibiotics in the 1940s, many infectious diseases 
seemed to be controlled and prevented by antibiotic treatment. In particular, 
therapeutic uses of antibiotics such as gramicidin6 and penicillin6-8 for wound 
treatment extensively saved soldiers’ lives in the allied military during World War II. 
Between the 1940s and 1960s, people became over-optimistic about defeating and 
controlling infectious diseases, and believed they were under control due to the great 
development and success of antibiotics and immunisation treatments9. In the 1980s, 
many pharmaceutical companies significantly reduced new antimicrobial drug 
research efforts10. However, this optimism was soon broken by the emergence of 
new antimicrobial-resistant infections. Legionarie’s disease, flesh-eating bacteria 
syndrome (necrotizing fasciitis (NF)), toxic shock syndrome (TSS) and many 
infections began to appear both in developing and developed countries11. Of these, 
methicillin-resistant Staphylococcus aureus (MRSA) is now the most common cause 
for skin and soft-tissue infections among patients in hospitals in the US12 and in 
Asia13.  
Moreover, infectious diseases are still serious in most developing countries, 
and are a major cause of morbidity and mortality. According to a report of the World 
Health Organization (WHO) in 201014, the coverage of interventions such as oral 
rehydration therapy (ORT) for diarrhoea and case management of antibiotics for 
acute respiratory infections (ARIs) are still insufficient. As a result, three million 
children under five years old are killed by diarrhoea and pneumonia every year, and 
this phenomenon is more obvious in low-income countries. 
As a result of the rapid propagation and proliferation of microorganisms, new 
infectious diseases and microbial species have been emerging, and even in some 
developed countries, mortality caused by microbial infection is increasing11. The 
haemolytic uraemic syndrome (HUS) epidemic in northern Germany in 2011 is a 
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recent example of a large scale microbial infection, which led to serious human 
mortality as a result of Escherichia coli contamination in the human food chain15.  
We have learnt from the battle against microbial infections that we need to 
continue antimicrobial research, prevent disease transmission, and increase the 
hygiene levels for the general public (e.g. water treatment) and in particular for 
young children and patients in hospitals. To this end, the development of new 
antimicrobial materials is of fundamental importance for human health. 
1.1.2 Antimicrobial Polymers  
Antimicrobial polymers can be divided into two classes: natural and synthetic. 
Natural antimicrobial polymers are widely applied in the antimicrobial field, because 
of their biocompatibility, good bioactivities and the lack of allergenicity. Chitosan, a 
deacetylated polymer of chitin (acetyl glucosamine), is a good example of a natural 
antimicrobial polymer which is widely distributed in nature. Chitosan and its 
oligomers have shown high antimicrobial activity16, and have been widely used as 
antimicrobial materials in waste and water treatment, food processing and 
biomedical materials17. 
For synthetic antimicrobial polymers, numerous approaches have been 
applied to prepare polymeric materials with antimicrobial activity. Here, a brief 
survey of synthetic polymers displaying antimicrobial properties is given. An ideal 
synthetic antimicrobial polymer should have the following characteristics18: 
• Easy and inexpensive synthesis; 
• Stability and long term durability; 
• Broad spectrum against pathogenic microorganisms; 
• Does not decompose or produce toxic residues; 
• Should not be toxic or irritating to those people who are handling/using it; 





Polymers with antimicrobial derivatives: 
Cationic amphiphilic polymers with alkyl substituents, or hydrophobic alkyl side 
tails, have gained great attention in many different fields19. Several amphiphilic 
polymers (Figure 1.1) with different alkyl side chains (methyl to hexyl) have been 
synthesised by ring-opening metathesis polymerisation (ROMP) by the Tew group20. 
The antimicrobial and haemolytic properties of polymers were studied against S. 
aureus, E. coli and human red blood cells (RBCs), respectively. They concluded that 
the hydrophobic nature of the polymers plays a very important role in both the 
antimicrobial activity and toxicity of polymers20. For example, the long alkyl 
polymers (propyl onward) showed strong antimicrobial activity but caused 
significant haemolysis. In contrast, the methyl-polymer was neither pathogen-active 
nor toxic. Moreover, they copolymerised an active/toxic monomer with another 
inactive/non-toxic monomer, and generated a copolymer series (e.g. methyl-propyl 
copolymer) that presented low toxicity to RBCs but selectively killed S. aureus and 
remained totally inactive against E. coli.   
 
 
Figure 1.1 ROMP polymerisation and hydrolysis with trifluoroacetic acid to obtain 
amphiphilic polymers. 
 
Kuroda used radial polymerisation to synthesise a library of amphiphilic 
copolymers with side chains containing primary, tertiary or quaternary ammonium 
groups (Figure 1.2)21-23, and tested their antimicrobial and haemolytic activities. This 
work concluded that the antimicrobial activity of polymers strongly depended on the 



























amine side chains were generally much more effective at inhibiting bacteria than 
those with quaternary ammonium groups. Furthermore, they reported that the 
increase of hydrophobicity of the primary or tertiary amine copolymers (e.g. longer 
alkyl chain) might enhance their antimicrobial potency. However, excessive 
hydrophobicity of the polymers might also lead to decrease antimicrobial activity. 
Hydrophobicity of the side chains influenced the haemolytic activity of the polymers, 
with a decrease of RBC lysis observed when the hydrophobicity of the primary or 




Figure 1.2 Chemical structures of the copolymers showing antimicrobial property with 
different side chains. 
 
Polymers with organometallic derivatives attached through side chains have 
been shown to have potent antimicrobial activities24. Al-Muaikel synthesised two 
organotin monomers, (N-tri-n-butyltin)maleimide (TBTM) and m-acryloylamino-(tri-
n-butyltin benzoate) (AATBTB) (Figure 1.3), and copolymerised the two monomers 
with styrene25. Antimicrobial activities of the copolymers were analysed with a wide 
range of Gram-positive and Gram-negative bacteria. Results demonstrated that the 
polymer with TBTM displayed stronger antimicrobial activity than those with 
AATBTB, and Gram-positive bacteria were much more sensitive to these 










R' = methyl, ethyl, butyl, hexyl or benzyl






Figure 1.3 TBTM and AATBTB monomers. 
 
Other polymers with antimicrobial derivatives include those containing sulfo 
derivatives. Kanazawa reported the synthesis and antimicrobial activity of polymers 
with sulfonium salts26. The polymeric sulfonium salt (Figure 1.4) exhibited strong 
antimicrobial activity against Gram-positive bacteria (S. aureus), but was less 
effective against Gram-negative bacteria (E. coli). It also displayed much higher 
activity than that of its corresponding model compound. However, due to low 
thermal stability, there might be some limits for polymeric sulfonium salts used as 
disinfectants27, 28.  
 
 






















Polymers with antimicrobial agents in the main chain: 
Polymers with antimicrobial moieties incorporated into the polymer backbone are 
often employed as antimicrobial polymers, with the biologically active groups on the 
main chains hydrolysed to give the active antimicrobial agent. Drug-polymer models 
consisting of polyurethanes and a fluoroquinolone antibiotic (ciprofloxacin or 
norfloxacin) were synthesised by Santerre (Figure 1.5)29-31. In this case, the antibiotic 
was polymerised into a polyurethane backbone to form a copolymer, with slow 
biodegradation providing the antibiotic. In their studies, the degradation products 
included fragments with antibiotic coupled with diol or diisocyanate which did not 
show antimicrobial activity. However, free ciprofloxacin was also detected in the 
solutions and effectively inhibited the growth of Gram-negative bacteria. 
 
 
































































Patel prepared poly(ether ketone) systems (Figure 1.6) by reacting phenol, 
1,4-phenylenedioxy diacetylchloride (1,4-PDC), or dicholomethane/dicholoethane in 
solvent carbon disulfide with anhydrous aluminum chloride as a catalyst32, and tested 
for their antimicrobial activity against bacteria, fungi and yeast. It was demonstrated 
that all synthesised samples of the poly(ether ketone)s generally inhibited microbial 
growth during 48 hour incubation. P2 exhibited the strongest antimicrobial effect 













































































R= -CH2- or -CH2-CH2-
Chapter 1 
 9 
Polymers with inorganic conjugates: 
Silver nanoparticles are possibly the most widely used nanocomposites and potent 
antimicrobial agents. In general, silver/polymeric composites are generated via in 
situ Ag (I) reduction, embedding metallic nanoparticles into a polymer matrix. 
However, many different strategies for preparing antimicrobial polymer silver 
nanocomposites have been reported, and the size and shape of the silver 
nanoparticles in the matrix greatly influence the antimicrobial activities33.  
Kong synthesised a poly(methyl methacrylate) (pMMA) nanofibre containing 
silver nanoparticles using radical-mediated dispersion polymerisation, and compared 
its antimicrobial activity to silver sulfadiazine and AgNO3 at the same silver 
concentration against E. coli and S. aureus34. The silver/pMMA conjugates had a 
quicker killing rate than both silver sulfadiazine and AgNO3, significantly enhancing 
its antimicrobial efficacy. Polymeric gels containing silver nanoparticles have also 
been developed with silver nanoparticles embedded into a crosslinked 
poly(acrylamide)/poly(N-(hydroxymethyl)acrylamide)(pAAm-pHMAAm) network35.  
Other metals have been used as antimicrobial agents. For example, Kamrupi 
prepared nanocomposties of copper and polystyrene via in situ synthesis, adding 
copper nanoparticles into a solution of monomers during polymerisation36. The 
copper/polystyrene composites strongly inhibited the growth of Pseudomonas 
fluorescens, Bacillus circulans, E. coli and S. aureus. Furthermore, Kong synthesised 
TiO2/poly(2-(tert-butylamino)ethyl methacrylate-co-ethylene glycol dimethacrylate) 
(poly(TBAM-co-EGDMA)) nanoparticles by photopolymerisation and tested their 
antimicrobial activity against E. coli and S. aureus37. The TiO2/poly(TBAM-co-
EGDMA) nanoparticles displayed significantly higher antimicrobial efficiency 






1.2 Microbial Adhesion and Antimicrobial Surface Design  
1.2.1 Biofilm Formation on Substrates 
A biofilm is an accumulation of microorganisms (bacteria, fungi, and/or protozoans, 
with associated bacteriophages) embedded in a polysaccharide matrix and adhered to 
a surface. Biofilm formation is medically important, leading to over eighty percent of 
microbial infections in the human body, such as infections in oral soft tissue, middle 
ear, lung, eye, gastrointestinal tract as well as in cardiac implants38.  
The first reported observation of biofilms was by Henrici in 1933, who 
discovered that most water microbes were not free swimming organisms, but grew 
upon surfaces39.  Although biofilms have been known for over eighty years, the 
adhesion process is only partially understood40, 41. Previous studies have shown that 
the rates of the biofilm adhesion process are variable, and dependent on diverse 
conditions, such as differences in microorganisms and variation in environment, 
which are crucial factors for initial biofilm formation42, 43.  
Biofilms can be formed from single or multiple species, and can form on 
biotic or abiotic surfaces43. The formation of a biofilm may be initiated by the direct 
contact of microbes with a solid surface, or microbe-microbe adhesion in the 
aqueous system. Microbial adhesion onto substrates may first lead to microbial 
proliferation, which produces microbial colonies; subsequently, biofilms are formed 
by the generation of a polysaccharide matrix by the attached microbes43, 44.  Once a 
biofilm is formed, the microorganisms within it begin to undergo a series of changes 
adapting themselves onto the surface43, and become much more resistant to both 
antimicrobials and the action of the host immune system38. 
The formation of biofilm can be considered to occur in three phases (shown 
in Figure 1.7)43-45. The first phase consists of rapid reversible interactions among 
microbes and material surfaces, and this phase occurs over 1 to 2 hours. The second 
phase involves specific and non-specific interactions between adhesion proteins 
expressed on the microbial cell wall and binding sites of the materials. This phase is 
relatively slow and induces irreversible formation of the microbial monolayer, with 
microbial autoaggregation on the surface leading to the formation of micro-colonies. 
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With time, micro-colonies develop into three dimensional (3D) mature biofilms, 
which are normally associated with a self-produced matrix44, such as an extracellular 
polymeric substance (EPS, also known as exopolysaccharide), which protects the 
biofilm and leads to biocide resistance. This is normally considered as the final phase 
of the process. 
 
 
Figure 1.7 Principal mechanism of microbial adhesion to material surfaces. 
 
1.2.2 Antimicrobial Polymeric Surface Design 
Studies of microbial adhesion onto substrates has been carried out at different levels 
of complexity in various experimental systems, looking at the balance between 
repulsive and attractive interactions of the involved microorganisms, and various 
experimental conditions, including rinsing, dipping and other hydrodynamic forces46. 
The design of the methods used to study microbial adhesion may be of importance as 
well, which occasionally leads to uninterpretable and incomparable results from 
different laboratories46.  
Apart from the complexity in microorganism populations and the variation of 
polymer surface characteristics, three general strategies have been determined for the 
development of antimicrobial polymeric surfaces: (I) adhesion resistance, (II) contact 









Figure 1.8 Strategies of antimicrobial polymeric surface design47. Plus sign in left corner 
indicates charges on the surface; red dots in the right corner indicate immobilised 
antimicrobial agents. 
 
Adhesion resistance:  
In this strategy, polymers prevent microbial adhesion and minimise their contact with 
the surface. These polymers may or may not contain microbial killing components47. 
In practice, the physical and chemical properties of the polymer surfaces, such as 
roughness, hydrophobicity/hydrophilicity, and steric effects, are all important for the 
design of microbial resistance polymers49. Previous studies noted that the extent of 
microbial colonisation might decrease as the surface roughness decreases50, 51, 
because the rougher surfaces have higher surface areas, and diminish shear forces 
between the cell surface and the substrates50. While the rate and extent of microbial 
attachment appears to be influenced by other factors, hydrophilic surfaces appear to 
be more microorganism adhesion resistant than hydrophobic, nonpolar surfaces52-54. 













surface significantly reduces the adhesion of microorganisms42, 55, 56. Park 
investigated the microbial adhesion on both PEG and poly(propylene glycol) (PPG) 
modified surfaces, and PEG modified surfaces demonstrated consistently lower 
microbial adhesion55. In contrast, no reduction in microbial adhesion was observed 
on PPG modified surfaces.   
Contact killing:  
This strategy focuses on contact killing, which induces the death of microbes that 
have stably attached to the polymer surfaces. It is a non-release strategy57, and is 
generally approached via direct polymerisation of antimicrobial monomers or post 
polymer modification. This approach can also involve conjugation of the polymers 
with antimicrobials, such as antimicrobial peptides, or compounds that display 
positive charges to penetrate the cell membrane50, or cationic sites that can disrupt 
the cell membrane and cause cell lysis47. These compounds include ammonium 
polymeric salts58, 59 and quaternary phosphonium salts60, 61. For example, Russell 
described a simple method to make a permanent non-leaching antibacterial polymer 
surface by treatment of a tertiary amine polymer with a alkyl halide (Figure 1.9)62. 
These polymer surfaces killed over 99% of bacteria (E. coli and Bacillus subtilis) 























Biocide leaching:  
This strategy mainly focuses on leaching biocides/cytotoxic compounds from the 
polymer substrates, causing death of microbes attached or in close contact. In this 
strategy, polymer surfaces hold and release antimicrobials (e.g. antibiotics, silver), 
biomolecules (e.g. antibodies) or gaseous antimicrobial agents (e.g. nitric oxide, NO) 
at a preset rate63. Immobilisation of antimicrobial agents onto natural or synthetic 
polymer surfaces varies and includes absorption, grafting and ligand coordination. 
The controlled release system can effectively avoid the toxicity of some drugs. 
Nevertheless, the efficiency of a drug-polymer release system is strongly dependent 
on the rate and manner that the drug is released, and also on the polymer matrix that 
the drug is loaded onto. Schierholz dispersed antibiotics homogenously within a 
polyurethane substrate by using polymer and antibiotics with similar lipophilicity64, 
65, and the uniformity of the “antibiotics” distribution significantly controled the 
release of drug and the effectiveness of the coating in this case. For example, 
hydrophilic ciprofloxacin showed fast release (~100 µg cm-2 day-1, weight per matrix 
area per day) for the first 24 hours from hydrophobic polyurethane, but at a much 
lower flux over 48 hours (~1 µg cm-2 day-1)64. In contrast, lipophilic flucloxacillin 
dispersed in an identical hydrophobic polyurethane matrix and showed reduced 
initial burst of release (~25 µg cm-2 day-1) compared to that of ciprofloxacin, but 
greater overall flux over five days (10-20 µg cm-2 day-1)，which allowed almost 100% 













1.3 Polymer Microarrays 
1.3.1 A Brief Historical Sketch of Microarrays 
Microarrays are a tool developed for the parallel addressing of molecules arrayed on 
a planar substrate (typically a slide), which allows a large number of materials to be 
analysed in parallel.  
The first generations of microarrays were developed in the late 1980s and the 
early 1990s66, 67. Hoheisel promoted an idea of using multiple libraries of Drosophila 
genomic DNAs arrayed on filters at a high density as tools for genome sequencing68, 
and shortly after, Saiki introduced the reverse dot blot, in which multiple nucleic 
acids of known sequence were patterned onto membranes and used for the analysis 
of unknown sequences69. Southern revealed the concept of analysing and comparing 
nucleic acid sequencing by hybridisation of oligonucleotides onto arrays70. The first 
arrays, which were made with short oligonucleotides (19-mer), were made on glass 
supports by Maskos71, 72, and marked the foundation of current microarray 
technology. At nearly the same time, Fodor synthesised a peptide microarray, and 
studied its interaction with a fluorescence labeled monoclonal antibody73. Fodor also 
developed DNA microarrays74. As a rapid complement to Southern’s approach, 
Frank presented the facile and rapid “spot-synthesis” of large numbers of peptides on 
cellulose sheets75, and this spot-synthesis method provided opportunities to 
synthesise and screen a large number of synthetic peptides arrayed on a cellulose 
support76. Since then, microarray methodology has blossomed with commercial 
development of microarray technologies and industries77, 78, and DNA microarrays 
have become a fundamental tool for genetic analysis. 
Later on, other materials, including, carbohydrates79-81, small molecules82 and 
biomaterials83-85, have been immobilised onto surfaces, allowing their applications in 
a broad range of biological, chemical, physical and medicinal applications. Over the 
last decade, cell-based microarray technologies have emerged for a variety of 
applications, for example for investigation of cell and extracellular matrix (ECM) 
interactions, between cells and specific receptors86, 87, analysis of the phenotypic 
consequences of perturbing cells with functionalised genes and interfering RNA88, 
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and evaluation of potential drug targets by functionally characterising their effect in 
cells89. 
1.3.2 A Brief Historical Sketch of Polymer Microarrays 
Polymer microarrays can be generated with hundreds to thousands of polymer spots 
on one slide and have been employed as a high-throughput (HT) method for the 
screening of polymeric biomaterials, which can bind/control specific kinds of cells 
and proteins90, 91. Two research groups, the Bradley group and the Langer group, 
independently developed polymer microarray technology to study the interactions 
between cells and biomaterials91-94.  
In 2004, the Bradley group completed the synthesis of a polymer library, and 
screened the polymers for the absorption of proteins (human albumin (Alb), 
immunoglobulin G (IgG) and fibronectin (Fib)) and for the depletion of leucocytes91, 
95. The Bradley group also printed polymers and looked at cellular transfections with 
a broad range of cell lines in 200492. Furthermore, the analyses of the chemical and 
physical properties of the synthesised polymers (wettability, functional group and 
thermal properties) were also completed in a high-throughput manner using time-of-
flight secondary ion mass spectrometry (ToF-SIMS) and fourier transform infra-red 
spectroscopy (FT-IR)91, 96, 97. In the same year, Anderson published a polymer 
microarray made on a glass slide, using poly(2-hydroxyethyl methacrylate) (pHEMA) 
as a slide coating, and screening human embryonic stem cells (hESCs) to test 
polymers’ effects on the growth and differentiation of hESCs93. Shortly afterwards, 
Anderson fabricated microarrays with biodegradable polymers, and studied the 
ability of the polymers to support the attachment and spreading of human 
mesenchymal stem cells (hMSCs), murine neural stem cells (clone C17.2), and ovine 
articular chondrocytes98.  
In 2006, Tourniaire fabricated polymer microarrays with a library of 
polyurethanes, and demonstrated agarose was a cytophobic coating which could 
effectively prevent cellular attachment to avoid non-specific cell binding, and could 
be used as a coating surface for polymer microarrays94. Tourniaire also investigated 
protein deposition (including fibronectin, glycoprotein Y and glycophorin A) onto 
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polymer microarrays90. Shortly after, a polymer library with 120 polyurethane 
members was arrayed and used to identify the polymers which promoted 
immobilisation of bone marrow dendritic cells (BMDCs)99. In 2007, Urquhart 
reported a high-throughput characterisation of surface chemistry on microarrayed 
polymers100, allowing fast automated X-ray photoelectron spectroscopy (XPS) and 
ToF-SIMS analysis of arrayed polymer libraries, and later in 2008, he demonstrated 
a partial least-squares regression (PLS) model which can be used to correlate 
wettability and surface chemistry for a large number of materials97.  
In 2008, the Bradley group studied polymers for their effects on the 
transfections of cells using an ultrasonic nebulizer to dispense lipoplexes onto cell-
based microarrays101. In the same year, a polymer microarray was used to study the 
attachment of mouse fibroblast cells (L929), and a comparison between the 
wettability of the materials and cell attachment was characterised in this work84. Also 
in 2008, Tare identified polyurethanes for the isolation of human skeletal progenitor 
cells and augmentation of skeletal cell growth102. Subsequently, Zhang published 
work on the fabrication of hydrogel microarrays via in situ polymerisation with ink-
jet printing of the monomers103. This approach was used to identify and study a 
series of thermo-sensitive hydrogels for culturing human cervical cancer cells (HeLa), 
mouse fibroblast cells (L929), human embryonic kidney cells (HEK-293T), and 
mouse embryonic stem cells (mESCs)104. In 2009, Liberski published his work on 
the fabrication of polymer microarrays and inter-crossed gradient lines by ink-jet 
printing individual monomers and initiator solutions in organic solvents through a 
thin film of oil, and polymerisation in situ105. A cooperative polymer-DNA 
microarray approach was investigated to study the cellular adhesion and proliferation 
of suspension human erythroleukemic cells (K562), and demonstrated that 
interactions between cells and the identified materials induce a number of changes in 
the transcriptom by gene expression profiling85.  
In 2009, Mei used a polymer microarray approach to study the correlation of 
cell attachment, the chemical structure of monomers and fibronectin absorption106. In 
2010, Khan illustrated blend hydrogels in a microarray formulation, and these blend 
microarrays were used to identify cell-compatible materials for human skeletal stem 
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cell growth in both in vitro and in vivo applications107. In 2010, Mei evaluated a fetal 
bovine serum (FBS) coated polyacrylate microarrays in human embryonic stem cells 
(hESCs) and human induced pluripotent stem cells (hiPSCs), which maintained their 
pluripotent properties after ten passages108. In 2011, Hay screened a library of 
polyurethanes for long-term hepatocyte function and growth using polymer 
microarrays, and identified a polyurethane as a liver matrix109. In 2011, Hansen 
demonstrated that specific polyacrylates could rapidly bind and activate platelets and 
control their activity110. Furthermore, polymer microarrays were developed to 
identify a cardiovascular matrix that specifically supported the attachment of 
endothelial progenitor cells (EPCs) and human umbilical vein endothelial cells 
(HUVECs), potentially providing new strategies to enhance vascular repair in vivo111. 
1.3.3 Fabrications of Polymer Microarrays 
Polymer microarrays have been made in a number of ways with either a pre-
synthesised polymer library or via in situ synthesis, and fabricated either by a contact 
printer or via ink-jet printing. Contact printing is often preferred to generate polymer 
microarrays when resynthesised polymers are available, while ink-jet printing is 
usually chosen to fabricate in situ polymer microarray synthesis. Contact printing is 
well defined in the Langer group to produce polymer microarrays93, 98, whereas both 
contact printing and ink-jet printing approaches for the polymer microarray 
fabrications are well developed in the Bradley group92, 94, 103, 104.  
1.3.3.1 The Langer Approach 
In this approach, the deposition of diverse acrylate monomers onto substrates to 
fabricate polymer microarrays is achieved by contact printing. Various monomers 
are diluted and then well premixed with initiator at a set ratio using a robotic fluid 
handling system, and the different combinations of these monomer mixtures are 
transferred from their reservoirs and arrayed using robotic pins onto epoxy 
monolayer-coated glass slides, which are typically treated with a thin layer of 
pHEMA93. After each round of printing, monomers on the slides are polymerised by 
exposure to long-wave UV for at least 10 minutes112. The solvent is removed by 
drying the slides under vacuum for over a week. However, Langer also discussed 
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some difficulties for this approach93. First of all, difference in monomers’ viscosity 
affects all aspects of monomer printing and pin washing. Secondly, as radical 
polymerisation is sensitive to oxygen, the printings have to be done under an 
atmosphere of humid argon. Likewise, humidity is also an essential part of avoiding 
failed printing. Finally, irregular polymer spots often form because of the fast spread 
of some monomers after deposition. 
Consequently, a microarray with commercial biodegradable polymers has 
been fabricated using a method similar to that described above98. Polymers are 
dissolved and spotted. In this case, deposited polymers are interpenetrated and 
blended with the layer of pHEMA surface98.  
1.3.3.2 The Bradley Approach 
Contact printing approach for pre-synthesised polymers:  
The contact printing of pre-synthesised polymers on a microscope slide is very 
similar to the original methods of DNA microarray generation. In this approach, 
numerous polymers, such as polyacrylates, polyurethanes, polyesters, polyamides 
and so on, need to be synthesised and purified prior to microarray fabrication91, 95, 96. 
Polymer members can then be dissolved in a suitable solvent with low volatility that 
allows good solubility of the polymers in the library but avoids rapid evaporation 
during printing. Contact printing involves the use of moving metallic solid pins, 
which are dipped into polymer solutions, and then “stamped” onto the microscope 
slide (Figure 1.10)94. Printing parameters, such as inking and stamping time, 
properties of the pin, can be adjusted according to requirements of the size, density 
and layout of the microarray. Polymer spots on the microarray have been studied via 
FT-IR90, 95, ToF-SIMS91, 113 for chemical composition analysis, scanning electron 
microscopy (SEM)90 for morphology analysis and atomic force microscopy (AFM) 
for surface roughness analysis95, 114. The evaporation of solvent can also affect the 
morphology of the spots in contact printing, for example, giving rise to the “coffee 
ring” effect115. Nevertheless, it can be controlled or diminished if external factors are 








Figure 1.10 Contact printing approach99. Polymer spots printed by “placing” of the solid 
pins loaded with a solution of polymer onto the agarose precoated microscope slide. 
 
Ink-jet printing approach103, 104:  
In this approach, a nozzle is used to suck in and then dispense defined droplets of the 
polymer/monomer solution onto the substrates. This method can effectively control 
the amount of material deposited and avoids contact with the surface. High-density 
DNA microarrays are also made via ink-jet printing. The ink-jet printing approach 
also allows high-throughput in situ polymerisation on a microscope glass slide, and 
can rapidly synthesise new polymers at a pico-nano litre scale. Many acrylamide and 
acrylate monomers and various crosslinkers with different chain lengths have been 
used to generate polymer microarrays with thousands of different polymer spots per 
microarray. In this approach, monomers are well mixed using the drop-by-drop 
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1.4 Summary  
In conclusion, research for new antimicrobial materials is of importance in a great 
number of applications, including food packaging and storage, health care products, 
water treatment and hospital equipment, and will improve the health and well-being 
of mankind. The development of antimicrobial polymers has been progressing 
steadily over the past decades18.  
Polymer microarrays allow thousands of microbe-polymer interactions to be 
studied in a single experiment. Polymer microarrays would provide a high-
throughput method for the identification of antimicrobial polymers by screening 
many different polymers. This would considerably speed up the progress of new 
antimicrobial polymer hunting, whilst requiring only tiny amounts of polymer and 
microbes. In this thesis, polymers with very strong affinity/repellence for microbes 














1.5 Aims for this Thesis 
The aims of this thesis were to identify and develop polymeric materials that either 
selectively bind or strongly repel food-borne and water-borne pathogens using a 
polymer microarray platform. The identified polymers would then be explored on a 
large-scale, and analysed to understand their microbial adhesion or repellence 
properties.  
Four main objectives of the research presented in this thesis are: 
(i) The discovery of polymers for the binding and the prevention of binding of 
food-borne pathogens (S. Typhimurium); 
(ii) Screening polymer libraries with Gram-positive and Gram-negative bacteria 
for the identification of multi-bacteria non-adhesion substrates; 
(iii) Identification of polymers that promote or limit Cryptosporidium parvum (C. 
parvum) attachment using a polymer microarray approach; 
(iv) Analysis of the interactions between Giardia lambia (G. lambia) and polymer 
substrates. 
It was hoped that these results would have practical applications, in particular 
that these polymers could help prevent pathogenic bacterial contamination or be used 
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It is well known that bacterial cell surface charge, cell density, and the presence of a 
variety of microbially produced compounds such as exopolysaccharides, are 
determinant factors in the adhesion process. However, other physicochemical 
features such as pH, temperature, composition of growth media and surface 
conditioning factors are also known to affect surface attachment116. In order to 
control bacterial attachment, there is a need for materials which result in specific 
bacterial sequestration or repulsion. These materials when discovered could underpin 
wide-ranging applications in hygiene and avoidance of bio-fouling, offering for 
example a means for the rapid isolation of hospital pathogens, or minimisation of 
surface contamination through the development of microbe repelling surfaces. They 
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could also provide opportunities for innovative intervention approaches, such as the 
selective reduction of pathogen loads via animal feeds. Other possible applications 
could be the selective capture of bacteria, spores or viruses on cleaning materials 
used in clinical, industrial and domestic environments. Minimising attachment and 
colonisation could be beneficial in areas ranging from artificial implants to 
packaging for food preparation. 
In the present study, we assessed the value of the polymer-based microarray 
platform to identify novel materials which could be used for the rapid and selective 
capture of major food-borne pathogens or materials capable of limiting or preventing 
bacterial adhesion onto surfaces.  
For the purposes of this study, work in this chapter focused on the adhesion 
of the food-borne pathogenic bacterium Salmonella enterica serovar Typhimurium 
(S. Typhimurium, strain SL1344)117, a serious pathogen of clinical and veterinary 
importance118 globally and also a substantial problem in the food industry, and the 
commensal bacterium Escherichia coli (E. coli, strain W3110)119. 
2.2 S. Typhimurium 
S. Typhimurium is a Gram-negative facultative intracellular anaerobic bacterium, 
and does not require strict conditions for its growth120. S. Typhimurium can be found 
in water, soil, animal faeces, raw meats, and eggs, and can be transmitted into the 
food chain via some animals. After infection with S. Typhimurium, different hosts 
display different disease symptoms and host responses. S. Typhimurium can cause 
diseases, such as gastroenteritis both in humans and animals, while in mice, it can 
cause symptoms resembling typhoid fever in humans118. In the United States, the 
most frequent cause of diarrhoea is S. Typhimurium, with 15 to 20 outbreaks each 
year121. In contrast, although S. Typhimurium is very closely related to S. Typhi, with 
> 96% DNA sequence identity with shared genes, S. Typhi uniquely infects humans 
and causes serious, often fatal diseases122.  
The S. Typhimurium strain used in this work is SL1344, which is virulent to 
susceptible mice and tetracycline-sensitive117. This S. Typhimurium was transformed 
with plasmid pHC60 that constitutively expresses green fluorescent protein (GFP) 
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and carries tetracycline resistance genes123. Additionally, for the commensal 
bacterium, E. coli (strain W3110), it is widely used as a wild-type strain and also 
transformed with plasmid pHC60 for expressing GFP.  
2.3 Polymer Microarray Screening of Bacteria Attachment 
2.3.1 Analysis of Bacteria Attachment  
In this study, analysis was enabled by the expression of Green Fluorescent Protein 
(GFP)124 within the bacteria, allowing detection of bacterial binding onto polymer 
features of a microarray with quadruplicates of 370 polyurethanes (PUs) and 
polyacrylates (PAs)85, 91, 96, 101.  
This work focused on the adhesion of S. Typhimurium in comparison with E. 
coli as a commensal strain. These two bacteria both expressing GFP were plated into 
polymer microarrays containing 1480 spots (four for each polymer), and incubated 
overnight at room temperature. Subsequently the polymer microarrays were washed 
and measured by a BioAnalyzer 4F/4S LaVition BioTech scanner with a fluorescein 
(FITC) filter. The bacterial adhesion on the microarrays was evaluated via the 
integrated fluorescence intensity for each polymer spot after background correction 
(Figure 2.1). The mean fluorescence intensity and standard deviation (SD) from 8 
spots (four polymer spots per microarray, and two microarrays per bacterium strain) 





Figure 2.1 LaVision Bio Analyzer 4F/4S BioTech quantification. (a) Fluorescence 
associated with the binding of bacteria (expressing GFP) on a library of 370 polyurethanes 
and polyacrylates (each polymer was printed in quadruplicate). The two highlighted squares 
of the 4 polymer spots are shown in b and c. (b) Strong binding polymer (PA155). Upper 
left: Background polymer auto-fluorescence prior to bacterial binding. Upper right: 
Fluorescence intensity in the presence of bacteria. A 3D image of the spot in the selected 
area is shown in the lower panels, respectively. (c) Poor binding polymer (PA325). Upper-
left: Background polymer auto-fluorescence prior to bacterial binding. Upper right: 
Fluorescence intensity in the presence of bacteria. A 3D image of the spot in the selected 
area is shown in the lower panels, respectively. In b and c: the number in the square is the 
position of the polymer spot in the array, which was allocated automatically by the software. 
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Analysis revealed six PAs (PA55, PA155, PA172, PA181, PA182 and Pg17) 
and thirteen PUs (PU39, PU92, PU104, PU116, PU119, PU120, PU126, PU138, 
PU159, PU178, PU208, PU219 and PU222) which showed strong binding of S. 
Typhimurium. E. coli affinity was weaker in general, but varied with the particular 
polymers (Figure 2.2).  
In the study of S. Typhimurium adhesion, four of the six high binding PAs 
(PA155, PA172, PA181 and PA182) (Figure 2.2) contained the monomer 2-
hydroxyethylmethacrylate (HEMA) (see Table 2.1 and Figure 2.3) and of those four, 
two (PA181 and PA182) contained the monomer 1-vinylimidazole (VI) with the 
monomer ratios: 70/30 and 50/50, respectively (Figure 2.3 for structures). Polymer 
structure analysis of the PUs revealed that the diols polybutylene glycol (PTMG) and 
polypropylene glycol (PPG) were common in ten of the thirteen hit polymers (see 
Table 2.2 and Figure 2.3). Thus for example, polymer PU222 showed good binding 
of S. Typhimurium and E. coli, whereas there was a substantial difference between 




Figure 2.2 Analysis of S. Typhimurium and E. coli binding on the polymer microarrays. PA 
and PU library members showing strong/poor S. Typhimurium and/or E. coli binding. 
Binding is expressed as background corrected mean fluorescence intensity with error bars 
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Table 2.1 Polyacrylates showing strong/poor binding of S. Typhimurium. Monomer ratios 
were Monomer (1)/Monomer (2)/Monomer (3): PA155 and PA182 (50/50/0); PA172 and 
PA 181 (70/30/0); PA155 (90/10/0); PA422 and PA426 (40/30/30); Pg17 (50/15/35); PA523 
(60/10/30); PA235 (70/25/5); PA236 (70/10/20). 
 










PA55 HBMA DEAA - 0.48 0.024 0.16 0.016 
PA155 HEMA DMAEMA - 0.46 0.021 0.13 0.005 
PA172 HEMA BACOEA - 0.46 0.027 0.25 0.030 
PA181 HEMA VI - 0.52 0.035 0.19 0.014 
PA182 HEMA VI - 0.48 0.024 0.24 0.014 




PA235 MMA MA-H DEAEMA 0.03 0.001 0.02 0.002 
PA236 MMA MA-H DEAEMA 0.04 0.008 0.03 0.008 
PA422 MEMA DEAEMA BMA 0.04 0.005 0.08 0.027 
PA426 MEMA DEAEA BMA 0.04 0.003 0.12 0.008 





Figure 2.3 Structures of the strong S. Typhimurium binding PAs and PUs. 
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Table 2.2 Polyurethanes showing S. Typhimurium binding. Monomer ratios: Diol/Dis/Ext 
(25/5/25) except 92 and 116 (Diol/Dis: 50/50). Mn = average molecular weight of diol. Dis = 
Diisocyanate. Ext = chain extender. 
 
Polymer S. Typhimurium E. coli 
Diol Mn Dis Ext Mean SD Mean  SD 
PU39 PTMG 2000 HDI BD 0.56 0.042 0.23 0.017 
PU92 PTMG 1000 HDI - 0.65 0.015 0.17 0.014 
PU104 PHNGAD 1800 MDI DEAPD 0.51 0.018 0.28 0.032 
PU116 PPG 425 BICH - 0.47 0.018 0.18 0.009 
PU119 PPG 1000 MDI DMAPD 0.45 0.009 0.23 0.026 
PU120 PPG 425 BICH DEAPD 0.63 0.020 0.27 0.009 
PU126 PPG 425 TDI DMAPD 0.90 0.030 0.28 0.013 
PU138 PTMG 250 BICH EG 0.48 0.018 0.29 0.022 
PU159 PTMG 250 MDI BD 0.45 0.026 0.19 0.007 
PU178 PTMG 1000 HDI NMPD 0.47 0.022 0.13 0.007 
PU208 PPG 1000 MDI OFHD 0.47 0.032 0.18 0.017 
PU219 PHNAD 900 BICH DMAPD 0.51 0.027 0.21 0.018 
PU222 PHNAD 900 BICH OFHD 0.64 0.035 0.41 0.041 
 
 
Sixteen PAs showed substantial inhibition of S. Typhimurium adhesion 
(Figure 2.2), with thirteen containing the monomer methyl methacrylate (MMA), 
with eleven of these also containing the derivatisable monomer glycidyl methacrylate 
(GMA) (Table 2.1 (poor binding polymers), Table 2.3 (different functionalisation) 
and Figure 2.4 (functional scheme)). PA235 and PA236, which were composed of 
methyl methacrylate (MMA), methacrylic acid (MA-H) and 2-(diethylamino)ethyl 
methacrylate (DEAEMA), were highly successful in preventing adhesion of both S. 
Typhimurium and E. coli (Figure 2.4). Polymers PA331, PA337 and PA338 
selectively bound E. coli, but did not bind S. Typhimurium, with PA337 and PA338 
differing only in the molar ratios of the relevant monomers (MMA and GMA): 70/30 




The related polymer PA336 (90/10) showed a similar trend, but with slightly 
less selectivity (Figure 2.4). This suggested the importance of GMA functionalisation 
with N-methylaniline (MAn) in making this group of polymers selective for E. coli 
binding (Table 2.3 and Figure 2.4). 
  
Table 2.3 Polyacrylate series with poor S. Typhimurium binding. These polyacrylates had 
similar polymer backbones (MMA and GMA) but different functionalisation. Monomer 
ratios of MMA and GMA were: PA306, PA321, PA327 and PA336 (90/10), PA322, PA325, 
PA331, and PA337 (70/30); PA323, PA326 and PA338 (50/50). 
Polymer Functionalisation Amines 
S. Typhimurium E. coli 
Mean  SD Mean SD 
PA306 di-n-butylamine 0.04 0.005 0.12 0.013 
PA321 cyclohexane methylamine 0.04 0.002 0.17 0.020 
PA322 cyclohexane methylamine 0.04 0.017 0.17 0.019 
PA323 cyclohexane methylamine 0.04 0.005 0.16 0.021 
PA325 benzyl methylamine 0.03 0.006 0.15 0.018 
PA326 benzyl methylamine 0.04 0.006 0.05 0.016 
PA327 2-(2-methylaminoethyl)pyridine 0.04 0.004 0.12 0.025 
PA331 pyrrole 0.04 0.003 0.56 0.080 
PA336 N-methylaniline 0.03 0.002 0.22 0.021 
PA337 N-methylaniline 0.04 0.002 0.49 0.021 
























Figure 2.4 Structure of the selected poor binding PAs (top left) and scheme of the poor 
binding polymer functionalisation (bottom). 
 
2.3.2 Reproducibility 
Following the initial analysis of the library (in duplicate and with eight copies of 
each polymer), several polymers which resulted in the strongest or poorest binding of 
S. Typhimurium were re-printed and re-examined with each polymer printed in a 5 × 
5 pattern. Of the four good binding polymers examined (PU104, PA155, PU120 and 
PU126), each showed consistent cellular attachment, whilst the four poor binding 
polymers (PA325, PA422, PA426 and PA235) confirmed their “poor bacterial” 
































































Figure 2.5 (a) Slide template with 8 fields of 25 polymer spots (PU104, PA325, PA422, 
PA155, PU120, PA426, PA235 and PU126, respectively), and array design with the binding 
polymers (in black) and the poor binding polymers (in grey). (b) Fluorescence microscopy 
image of S. Typhimurium (fluorescein channel) binding. Scale bar = 3 mm. 
 
2.3.3 Effect of Time on Attachment 
It would clearly be advantageous for a polymer to be able to bind bacteria in a rapid 
time frame. Therefore, to test the rapidity of S. Typhimurium binding, an array with 
the letters ‘UK’ was fabricated using high and low binding polymers (PU104 and 
PA325, respectively), and S. Typhimurium incubated on the array for four hours, 
considerably less time than the previous overnight incubation period. As can be seen 
(Figure 2.6), a uniform binding pattern was observed with PU104, with little binding 





Figure 2.6 S. Typhimurium attachment/repulsion: (a) Array design with the binding polymer 
PU104 (in black) and the poor binding polymer PA325 (in grey); (b) Bio Analyzer scanning 
of the array using a fluorescein filter; (c) integration of high-content screening fluorescence 
microscopy (IMSTAR) images (20× objective). Scale bar = 4 mm.  Arrows indicate 
fluorescent and brightfield microscopy images of S. Typhimurium grown on representative 
polymer spots: (d) fluorescein channel and (e) brightfield of PU104; (f) fluorescein channel 





2.4. Scanning Electron Microscopy (SEM) Analysis 
SEM uses finely focused electron beams to scan across a sample to produce high-
resolution images. Typically, signals that contain information about the sample's 
surface are captured from interactions of the electron beam with atoms at or near the 
surface of the sample. Firstly, after incubation with bacteria, polymer microarrays or 
coated coverslips are fixed. They then need to be sputter-coated with a very thin 
conductive metallic layer, such as gold or platinum, which is used to induce electrons 
and produce high topographic contrast and resolution. Next, samples are inserted into 
a high vacuum chamber for SEM measurement. This allows the study of bacterial 
morphologies on polymer spots in the microarrays and also on large-scale polymer 
surfaces. 
2.4.1 Polymer Spot Analysis 
SEM images of polymer microarrays with S. Typhimurium binding on some of the 
selected strong binding polyurethanes (PU104, PU120, PU126) and polyacrylate 155 
as well as poor binding polyacrylates (PA325, PA422, PA426 and PA235), were 
analysed with particular attention paid to the binding characteristics and bacterial 
morphology on each polymer spot (Figure 2.7). 
Bacteria appeared firmly attached and closely packed on PA155, aligning 
along their longitudinal axes. Small micro-colonies were observed on the strong-
binding polymer surface (Figure 2.7a). In contrast, non-binding polymers (PA325) 
showed little attachment and no evidence for early biofilm formation, indicating that 
these polymers show potential as new materials for poor bacterial adhesion surface 








Figure 2.7 SEM images of S. Typhimurium binding on selected polymer spots: (a) PA155 
(strong binding); (b) PA325 (poor binding). High magnification SEM images of S. 
Typhimurium binding on selected polymers are also shown: (c) PA155 (strong  binding); (d) 
PA325 (poor binding). Scale bar is shown. 
 
2.4.2 Scale-up Analysis 
In order to test whether the selected polymers could be scaled up and to assess the 
feasibility of their applications in a practical context, PA155 and PA325 were spin-
coated onto glass coverslips, which contained a central square (1 × 1 mm) subdivided 
in one hundred squares (100 × 100 µm). These coated coverslips, and uncoated 
coverslips (as a control), were incubated with S. Typhimurium and imaged via SEM 
(Figure 2.8a-c). For each coverslip, SEM image files of four randomly chosen 
subsquares out of the 100 squares were then transferred into Image-Pro Plus 4.5 
software (©2001 Media Cybernetics) for analysis125. This software was used to 
automatically count the number of particles in the image, in this case, the number of 






intensity between the lighter coloured particles and the dark background. The 
average number of bacteria on randomly selected subsquares on the coverslips was 
counted to give the number of bacteria per mm2 (Figure 2.8d). The analysis of 
binding on both coated and uncoated coverslips showed that S. Typhimurium 
attached onto polymer PA155 with a 7-fold increase in binding compared to an 
uncoated coverslip, whereas the number of S. Typhimurium on the poor-binding 
polymer PA325 was twenty times less than the glass control (Figure 2.8d). 
 
 
Figure 2.8 SEM images and analysis of the S. Typhimurium binding on the selected polymer 
coated coverslips. (a) PA155 (strong binding); (b) control (no-polymer coating). (c) PA325 
(non-binding). Scale bar: 20 µm. (d) The average number of bacteria (S. Typhimurium) per 
square millimeter on PA155 (strong binding) and PA325 (poor-binding) coated coverslips  





















In summary, polymer microarrays were successfully used for the identification of 
polymers which bound either S. Typhimurium and/or E. coli or prevented their 
colonisation of surfaces, with fluorescence imaging allowing the rapid, parallel, and 
comprehensive evaluation of bacterial adhesion on 370 polymers. The binding or 
poor-binding properties of the surfaces were shown to be highly dependent on both 
the chemical structures and properties of the polymers, and were sufficient to enable 
discrimination between adhesive properties of different bacterial genera. For the 
strongest binding polymers SEM revealed the formation of early biofilm-like micro-
colonies, where cells were longitudinally aligned and closely packed. Additionally a 
number of polymers were also identified which clearly prevented bacterial 

























Polymer Libraries and the Discovery of Broad-
Spectrum Bacterial Repellent Coatings  
 
A polymer library was screened against a broad spectrum of both Gram-negative and 
Gram-positive bacterial pathogens of clinical origin. This resulted in the discovery of 
materials that facilitated or prevented bacterial adherence; of particular interest was 
the discovery of a family of polymers that displayed strong broad-spectrum repellent 
properties. These readily synthesised polymers represent a novel class of coating 
materials which could be used to prevent surface colonisation and subsequent 
formation of bacterial biofilms.  
3.1 Introduction 
Bacteria are capable of colonising a wide range of surfaces, eventually forming 
biofilms which can lead to beneficial bacterial interactions, such as occurs with 
rhizobial species which interact with leguminous plants facilitating nitrogen fixation; 
or alternatively they may result in unwanted outcomes, such as occurs during 
colonisation of food preparation surfaces or medical implants, or biofouling of pipes 
in engineering systems or machines (e.g. heating and cooling systems)126. Once 
formed, biofilms can be extremely difficult to eliminate due to their inherent 
resistance to antimicrobial agents and physical stresses127. It has been estimated that 
approximately 60% of hospital-acquired infections can be attributed to bacterial 




Traditional chemical methods for preventing bacterial growth utilise 
antibiotics (such as fluoroquinolones, tetracyclines or β-lactams) or disinfectants 
(such as hypochlorites, quaternary ammonium compounds or low molecular weight 
organic acids)126. Whilst disinfectants act against a broad spectrum of cellular 
targets, antibiotics exhibit specificity for defined molecular targets, such as DNA 
gyrase (e.g. Ofloxacin), RNA polymerase (e.g. Rifamycin) or enzymes involved in 
peptidoglycan synthesis (e.g. Carbenicillin)128. Studies on the use of peptides for 
bacterial prevention have also increased significantly in recent decades.  
Numerous factors influence bacterial interactions with their substrates, 
including the nature of the bacteria (e.g. whether they are Gram-positive or Gram-
negative), and the physical or chemical composition of the surface undergoing 
colonisation (e.g. roughness, hydrophobicity or charge) and the surrounding 
environment (e.g. time of interaction, pH and nutrients available for growth)129. 
This chapter reports the screening of a library of 381 synthetic polymers 
(including polyacrylates and polyurethanes) produced by combinatorial chemistry for 
their ability to reduce or prevent attachment of a wide range of Gram-positive and 
Gram-negative bacteria of clinical or veterinary importance (Figure 3.1). This study 
included analysis with a number of major enteric pathogens, including 
Campylobacter jejuni (C. jejuni, strain CH4130 and NCTC 11168131), Clostridium 
difficile (C. difficile, strain 630132), Clostridium perfringens (C. perfringens, strain 
NCTC 8257) and Streptococcus mutans (S. mutans, strain NCTC 10923133) as well 
as cocktails of clinical isolates obtained from endotracheal tubes taken from 
intensive care unit patients134 or from patients who exhibited infectious 
endocarditis135, 136, such as that associated with cardiovascular implants. Two clinical 
cocktails were used: clinical cocktail 1 (clinical 1) included Klebsiella pneumoniae 
(K. pneumoniae), Staphylococcus saprophyticus (S. saprophyticus) and 
Staphylococcus aureus (S. aureus); clinical cocktail 2 (clinical 2) contained K. 







Figure 3.1 Bacterial mixtures incubated on a polymer microarray.  
 
3.2 Background Information on the Bacteria in this Study 
To screen the repellent activity of the polymer libraries, various strains of Gram-
positive and Gram-negative pathogenic bacteria (listed in Table 3.1) were exposed to 
the polymer microarrays either as a single culture or mixed cultures (clinical 
cocktails 1 and 2). A summary of the properties and pathological significance of 
these bacteria is presented. 
 
Table 3.1 Basic characterisation of the bacteria used in this study. 
Bacterial species Gram stain (+/−) Cell shape Oxygen tolerance  (+/−) 
C. jejuni − spiral − 
C. difficile + rod − 
C. perfringens + rod − 
S. mutans + sphere + 
K. pneumoniae − rod + 
S. saprophyticus + sphere + 
S. aureus + sphere + 





Polymer microarray Polymer microarray with bacteria 




C. jejuni is the most common food-borne enteric pathogen in the developed world137. 
Animals provide the major source of C. jejuni causing human infections. C. jejuni 
pathogens have been isolated from many species of birds, such as chickens, pigeons, 
quails, turkeys, ducks, geese and ostriches130, 137. C. jejuni can cause human 
gastroenteritis (normally Campylobacteriosis), with an incubation period typically 
from one to three days, but sometimes lasting up to a week130. C. jejuni has a wide 
range of infectious doses, from 500 to 106 cells, depending on the strain and 
transmission route. The symptoms of C. jejuni infection include abdominal pain, 
diarrhoea, and fever. In the US, 2 to 3 million people are infected by C. jejuni each 
year, with a cost to the economy in excess of 4 billion dollars138. 
C. difficile and C. perfringens 
Clostridia are endospore forming, and strictly anaerobic bacteria, which can be 
easily killed in the presence of oxygen. C. difficile is one of the most common 
Clostridium species that infect humans, and has surpassed methicillin-resistant S. 
aureus (MRSA) to become the premier cause of hospital-acquired infections in some 
areas of the US139. Human infection occurs by accidental ingestion of spores of C. 
difficile, which is distributed throughout hospitals and nursing homes140. Antibiotic 
therapy is widely recognised as a high risk factor for C. difficile infection, because 
the resulting disruption of the gut micro-flora destroys any normal protection that the 
flora provide against enteric pathogens140. C. difficile infection results in flu-like 
symptoms, sometimes with abdominal pain and severe diarrhoea141, but the most 
severe cases can lead to pseudomembranous colitis142. C. perfringens exists almost 
everywhere in nature, because it is spore-forming and the spores are persistent and 
able to survive in a variety of environments, such as high or low temperatures143. C. 
perfringens regularly causes food poisoning, which often leads to diarrhoea, 
abdominal pain and enteritis141, 144. Additionally, this bacterium can penetrate broken 
skin, subsequently proliferating and secreting toxins (e.g. alpha-toxin), which can 
result in severe tissue decay and generate gas (often known as deadly gas 




Streptococci are lactic acid bacteria. Most species can grow in the presence of 
oxygen, but they do not use oxygen for respiration. S. mutans is the dominant 
microorganism in the human mouth147, where it metabolises sugars to produce 
dextran, which promotes bacterial adhesion onto the tooth surface and results in 
biofilm formation148. Consequently, it rapidly produces lactic acid lowering the pH 
in the mouth and promoting loss of minerals from the tooth surface149. It is not fatal, 
but tooth decay is one of the most infectious diseases in humans. In some hospitals, 
salivary S. mutans counts are recommended as a means of monitoring patients at 
risk150. 
K. pneumoniae 
K. pneumoniae is ubiquitous in the natural environment and mammal carriers, and 
the reservoirs for the transmission of K. pneumoniae are the gastrointestinal tract and 
the hands of hospital personnel151. It is a very common community-acquired and 
hospital-acquired pathogen. 8% of all nosocomial bacterial infections in the US and 
in Europe are caused by K. pneumoniae, which typically leads to pneumonia and 
often causes diarrhoea, urinary tract infections, biliary tract infections, bacteremia, 
septicemia and purulent meningitis152. In Asia, K. pneumoniae has been the major 
cause of pyogenic liver abscesses, and is particularly dangerous among diabetic 
patients in Taiwan153. 
S. saprophyticus and S. aureus 
Staphylococci are facultative anaerobes, which are widely present on the skin and in 
the nasal membranes. Among Staphylococci, S. saprophyticus is rarely found in 
healthy humans. It is usually associated with urinary tract infections in humans154, 
but it appears more frequently in female urinary tract infections, and is the most 
common reason for cystitis among young women155. Humans often acquire S. 
saprophyticus though sexual intercourse, direct contact with domestic animals, 
inadequately cooked meat or outdoor swimming pools154. S. aureus is the most 
common species of Staphylococci. It infects both humans and animals, and is a main 
cause of hospital-acquired infections, leading to sepsis, osteomyelitis, endocarditis, 
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wound infection, pneumonia and toxic shock syndrome156-158. It also causes food 
poisoning. S. aureus has quickly developed resistance to penicillin and methicillin, 
and the prevalence of MRSA infection has become an important problem for the 
treatment of severe S. aureus diseases156.  
E. faecalis  
E. faecalis is a Gram-positive and anaerobic bacterium that can be found in soil, 
water, sewage and food. It is tolerant of tough conditions and can grow at extremely 
low or high pH values, at a broad range of temperatures and in high salt 
concentrations159, 160. It is the major species of the clinically isolated Enterococci. E. 
faecalis infection is both community-acquired and hospital-acquired160. Insects often 
transmit E. faecalis from animal faeces or other decaying organic substrates to 
residential settings, causing infection161. While in nosocomial environments, E. 
faecalis can be simply transmitted within patients, and can also be transferred by the 
hospital personnel who touch contaminated items. Once infected, E. faecalis mainly 
causes enterococcal infections, urinary tract infections, bacteraemia and endocarditis 












3.3 Results and Discussion 
3.3.1 Analysis of Bacterial Repellence via High-throughput 
Screening  
Polymer microarrays with 381 polymer members (printed in quadruplicate) were 
fabricated as previously reported164 on agarose-coated slides94. Bacteria or bacterial 
cocktails (~2 × 108 CFU/ml, 6ml) were incubated overnight directly on the arrays. 
Loosely bound bacteria were removed by gentle washing and bacterial DNA was 
then stained by the addition of 4’,6-diamidino-2-phenylindole (DAPI). Subsequently 
the polymer microarrays were analysed on a BioAnalyzer 4F/4S LaVition BioTech 
scanner using a DAPI filter. This scanner allows the imaging of one whole 
microarray in minutes and measures the fluorescence intensity of each polymer 
feature. Bacterial adhesion on the microarrays was evaluated via the integrated 
fluorescence intensity for each polymer spot (background corrected). The mean 
fluorescence intensity and standard deviation from 8 spots (four polymer spots on 
each microarray with two microarrays analysed for each bacterial strain/cocktail) 
were calculated assuming a spot diameter of 300 µm.  
To locate the polymers with greatest binding or non-binding for each 
bacterial strain, the fluorescence intensity of each polymer was normalised using an 
arbitrary scale (by setting the strongest fluorescence of the polymer on the 
microarray intensity to 1 and the others scaling accordingly, from 1 to 0). This 
allowed the optimal binding or non-binding polymers for each single bacterial strain 
to be determined. This also allowed polymers with the lowest fluorescence intensity 
(lowest number of bacteria binding) to be rapidly identified as bacteria “repellent” 
substrates (Table 3.2).  
Analysis revealed that there were differences in the inhibitory behaviour of 
polymers among different bacterial strains/cocktails (Table 3.2). Eleven 
polyacrylates (PA13, PA465, PA475, PA513, PA515 and a family of related 
polymers PA309, PA315, PA316, PA336, PA337 and PA338) and eleven 
polyurethanes (PU1, PU5, PU7, PU10, PU16, PU20, PU61, PU83, PU129, PU179 
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and PU227) showed strong repellence against all bacterial strains/cocktails (Table 
3.2). 
 
Table 3.2 Analysis of bacterial attachment on hit polymers. Normalised fluorescence 
intensity of each polymer with seven different bacteria. Unit = arbitrary units (au)  













Agarose 1.9×10-4 1.0×10-3 1.5×10-3 2.5×10-4 2.0×10-3 4.2×10-3 3.1×10-3 
PA13 9.0×10-3 1.7×10-2 1.4×10-3 2.6×10-3 1.5×10-2 7.9×10-3 3.5×10-2 
PA309 8.9×10-3 5.6×10-3 1.9×10-2 1.2×10-3 1.7×10-2 6.7×10-3 5.0×10-3 
PA315 4.1×10-2 1.2×10-2 2.6×10-2 1.6×10-4 2.7×10-2 1.0×10-3 2.1×10-2 
PA316 2.4×10-2 7.1×10-3 1.2×10-2 3.2×10-3 2.6×10-2 1.2×10-2 1.3×10-2 
PA336 2.3×10-2 3.5×10-3 1.1×10-2 3.0×10-3 5.6×10-2 3.0×10-3 3.2×10-2 
PA337 6.1×10-3 2.4×10-3 1.6×10-2 3.0×10-4 2.2×10-2 6.0×10-6 1.7×10-2 
PA338 1.1×10-2 1.3×10-3 4.0×10-2 1.1×10-4 3.1×10-2 2.4×10-2 3.3×10-2 
PA465 1.5×10-2 1.5×10-2 1.9×10-2 2.9×10-4 2.0×10-2 1.0×10-2 3.5×10-2 
PA475 1.6×10-2 2.7×10-3 2.6×10-2 1.3×10-3 1.7×10-2 1.4×10-3 1.0×10-2 
PA513 1.6×10-2 4.8×10-3 2.6×10-2 1.9×10-3 1.6×10-2 7.0×10-3 2.6×10-2 
PA515 2.8×10-2 5.4×10-3 1.5×10-2 2.1×10-3 1.2×10-2 9.5×10-3 2.6×10-2 
PU1 4.4×10-2 4.4×10-2 3.0×10-2 2.8×10-4 6.7×10-3 2.7×10-3 1.1×10-2 
PU5 8.3×10-3 8.0×10-2 8.1×10-3 9.6×10-4 1.2×10-2 1.8×10-3 9.8×10-3 
PU7 5.2×10-2 1.6×10-2 3.4×10-2 6.3×10-4 9.9×10-3 2.1×10-3 4.5×10-3 
PU10 3.4×10-2 7.7×10-4 1.4×10-2 2.8×10-3 2.0×10-2 1.4×10-2 2.0×10-3 
PU16 8.4×10-3 3.5×10-3 1.3×10-2 6.3×10-3 1.2×10-2 1.9×10-2 2.7×10-3 
PU20 3.7×10-2 1.5×10-3 1.4×10-2 1.3×10-3 2.6×10-2 4.5×10-3 1.3×10-2 
PU61 7.2×10-4 1.1×10-3 1.2×10-2 1.4×10-5 3.4×10-2 2.2×10-3 3.8×10-2 
PU83 1.2×10-3 1.1×10-3 3.3×10-2 2.9×10-3 2.2×10-2 2.3×10-3 1.3×10-2 
PU129 2.9×10-2 2.7×10-2 3.1×10-2 3.8×10-4 1.3×10-2 7.3×10-3 1.8×10-2 
PU179 5.5×10-3 7.7×10-3 1.1×10-2 1.2×10-3 2.7×10-2 1.2×10-3 7.6×10-3 








Analysis revealed that the repellent property of those polyacrylates varied with the 
different bacterial cultures (Figure 3.2). C. difficile binding on these hit polymers 
was weaker in general than all other bacterial cultures. Comparing the binding 
properties within the two C. jejuni strains (CH4 and 11168), PA315, PA316, PA336-
338, PA475, PA513 and PA515 exhibited significantly poor binding for C. jejuni 
CH4 and less poor binding for C. jejuni 11168, while only PA13 bound slightly more 
C. jejuni CH4 than C. jejuni 11168. Subsequently, it appeared that all these hit 
polyacrylates displayed very similar repellence for S. mutans (fluorescence 
intensities are around 0.02) apart from PA336 showing a fluorescence intensity of 
0.056. Most hit polyacrylates showed much stronger repellent activity for clinical 
cocktail 1 than for clinical cocktail 2, except for PA309 and PA316, which displayed 
almost equal binding for both clinical cocktails. 
 
 
Figure 3.2 Analysis of bacterial repellence: Polyacrylate members showing poor binding of 
bacteria strains (C. jejuni, C. difficile, C. perfringens, S. mutans and two clinical cocktails). 









Agarose PA13 PA309 PA315 PA316 PA336 PA337 PA338 PA465 PA475 PA513 PA515 





















The bacterial repellent polyacrylates, PA465, PA475, PA513 and PA515 
(Figure 3.3 and Table 3.3) consisted of three monomers with methyl ethylene 
methacrylate (MEMA) and methyl methacrylate (MMA) being the main monomer 
components. The minor monomer moiety was either 2-(diethylamino)ethyl 
methacrylate (DEAEMA) or 2-(diethylamino)ethyl acrylate (DEAEA), making up 
just 10% of the monomers in the four polymers. In addition, another repellent 














O O O N
x y













Table 3.3 Composition of polyacrylates showing bacterial repellence. Monomer ratios were 
Monomer (1)/Monomer (2)/Monomer (3): PA13 (90/10/0); PA465 and PA513 (80/10/10); 
PA475 and PA515 (60/10/30). 
Polymer Monomer (1) Monomer (2) Monomer (3) 
PA13 MMA DMAA - 
PA465 MEMA DEAEMA HEA 
PA475 MEMA DEAEA HEMA 
PA513 MEMA DEAEMA MMA 
PA515 MEMA DEAEA MMA 
 
PA309, PA315-316, and PA336-338 were all based on MMA and glycidyl 
methacrylate (GMA) in the ratios (90/10, 70/30 and 50/50) (Table 3.4), 
functionalised with amines. PA309 was functionalised with di-n-hexylamine (DnHA), 
while PA315 and PA316 with dibenzylamine (DBnA), and PA336-338 with N-
methylaniline (MAn) (Figure 3.3 and Table 3.4).  
 
Table 3.4 Functionalisation of polyacrylates showing bacterial repellence. These 
polyacrylates had similar polymer backbones (MMA and GMA) but different amine 
functionalisation. Monomer ratios between MMA and GMA were: PA309, PA315 and 
PA336 (90/10); PA316 and PA337 (70/30); PA338 (50/50). MMA: methyl methacrylate; 
GMA: glycidyl methacrylate. 
Polymer Amine fuctionalisation 
PA309 di-n-hexylamine 









Eleven polyurethanes showed strong inhibition of bacterial attachment (Figure 3.4 
and Table 3.5). The best repelling polyurethanes contained some common features: 
poly(butylene glycol) 2000 (PTMG2000) was present in PU5 (Figure 3.5), PU10, 
PU20 and PU179. Likewise, another monomer, poly(ethylene glycol) 2000 
(PEG2000) was the main component of PU1, PU16 and PU61 (Table 3.1 and Table 
3.4). Only four of the eleven polyurethanes had a chain extender: PU61, PU83, 
PU129 and PU179 (Table 3.5). PU61 and PU83 (Figure 3.5) showed much less 
binding for C. jejuni strains than for all other strains, while PU10 and PU16 showed 
very strong repellence of the isolates in clinical cocktail 2 over all the bacteria tested.  
 
 
Figure 3.4 Analysis of bacterial repellence: Polyurethane members showing poor binding of 
bacteria strains (C. jejuni, C. difficile, C. perfringens, S. mutans and two clinical cocktails), 
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Table 3.5 Composition of polyurethanes showing bacterial repellence. Monomer ratios 
were: Diol/Dis/Ext (48.5/51.5/0) except PU61, PU83, PU129 and PU179 (Diol/Dis/Ext: 
25/52/23). Mn = molecular weight of diol. Dis = Diisocyanate. Ext = chain extender. 
Polymer Diol Mn Dis Ext 
PU1 PEG 2000 HDI - 
PU5 PTMG 2000 HDI - 
PU7 PEG 900 BICH - 
PU10 PTMG 2000 BICH - 
PU16 PEG 2000 MDI - 
PU20 PTMG 2000 MDI - 
PU61 PEG 2000 MDI BD 
PU83 PEG 900 HMDI BD 
PU129 PPG 445 BICH DMAPD 
PU179 PTMG 2000 HDI NMPD 
PU227 PPG-PEG 1900 HDI - 
 
 
Figure 3.5 Structure of the selected bacterial repellent polyurethanes. (a) PU5; (b) PU83. 
 
3.3.2 Analysis of Bacterial Repellence via High-Content Screening  
To validate the results obtained from the high-throughput scanner, each polymer 
microarray was also imaged using an automated fluorescent microscope (with an X-
Y-Z stage running PathfinderTM, IMSTAR), allowing analysis of each single polymer 
spot on the microarray to be captured by both brightfield and fluorescence (DAPI) 































binding of clinical cocktail isolates to the selected repellent polymers (e.g. PU 179 
and PA336) compared to one of the strong binding polymers. 
 
 
Figure 3.6 Fluorescent and Brightfield microscopy images (PathfinderTM, IMSTAR) of 
clinical cocktail isolates attachment on strong binding polymer spots and the clinical cocktail 
repellent polymers. From left to right: fluorescein channel and brightfield, respectively. (a) 














In order to analyse the bacteria repelling activity of the polymers on a larger scale, 
polyacrylates (PA13, PA338 and PA515) and polyurethanes (PU5, PU20, PU83 and 
PU179) were resynthesised and spin-coated onto glass coverslips and analysed with 
clinical cocktails 1 and 2. Scanning Electron Microscopy (SEM) was used to 
measure the repelling ability of the polymers (Figure 3.7) by determining the number 
of bacteria attached to each test polymer surface (Figure 3.8).  
 
 
Figure 3.7 Scale-up and analysis via SEM of selected polymers and controls (glass and 
agarose). (a) Clinical 1 on a glass coverslip without coating; (b) clinical 1 on agarose-coated 
surface; (c) clinical cocktail 1 on PU20 coated surface; (d) clinical cocktail 2 on PU83 







Figure 3.8 The average number of bacteria per square millimeter on polymer/agarose 
surfaces or glass surfaces (n=4).  
 
Analysis demonstrated that PA13 and PU83 (Figure 3.7d) prevented 
attachment of both clinical cocktail 1 and 2 (Figure 3.8). PA338, PU5 and PU179 
showed almost no binding of bacteria from clinical cocktail 1, but bound relatively 
high number of bacteria from clinical cocktail 2. However, PU20 coated coverslips 
bound considerably fewer bacteria from clinical cocktail 2 than clinical cocktail 1 
(Figure 3.7c, 3.8). As expected, the numbers of bacteria on all of the strongly 






























In summary, a 381 member polymer library was screened with different bacterial 
strains, and substrates were identified that allow the broad prevention of binding of 
both Gram-negative and Gram-positive bacteria. The non-binding properties of the 
surfaces were dependent on the chemical structures of the polymers and the nature of 
the bacteria. Comparison of polymer compositions with bacteria binding ability 
demonstrated that the presence of certain components, PEG and PTMG, and 
hexamethylene diisocyanate appeared to prevent adhesion. Studies with two clinical 
cocktails and the polymer surfaces demonstrated very poor binding of the two 
cocktails. Compared to uncoated glass surfaces, several polymers showed poor 
binding of only one cocktail, such as PA338 and PU5, repelling more bacteria from 
clinical cocktail 1 than clinical cocktail 2. 
This approach establishes a strategy for the high-throughput screening of 
polymers with strongly bacteria repelling properties. Broad-spectrum repellent 
polymers may have hygiene applications, such as use in “clean” areas and in 
packaging as a means to minimise biofilm formation, consequently reducing the risk 
of infection. Potentially, because of their broad repellent action, these polymers 
could be useful coating materials for medical implants, such as cardiovascular stents 
or endotracheal tubes. Future work would be focused on the exploration of such 
polymer materials in medical devices and the repellent ability of the polymers for use 
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Contamination of water by C. parvum protozoa is a serious global issue. C. parvum 
is ubiquitous in the environment, resistant to standard chlorination disinfection 
procedures and has a low infectious dose165-167. Likewise, C. parvum oocysts can 
stay and survive in water supplies for up to sixteen months. Ingestion of C. parvum 
oocysts causes cryptosporidiosis (a gastrointestinal illness associated with nausea, 
diarrhoea, headache, vomiting and fever), for which there is no safe and effective 
treatment168. In developing countries, it is estimated that 250-500 million cases occur 
each year, playing a significant role in high childhood mortality and morbidity. In 
developed countries, numerous outbreaks associated with contamination of drinking 
water have been reported, one of the most serious being in 1993 in Milawaukee in 
the US169, where more than 400,000 people were estimated to be affected during this 
massive outbreak of Cryptosporidium infection. Of these, 4400 people were 
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clinically treated in hospital, and 100 people died. There have been several recent 
cases in the UK168 with 3000-6000 cases of Cryptosporidium, which causes acute 
gastroenteritis confirmed each year. 476 cryptosporidiosis cases were reported in 
Western Australia, and 393 cases in South Australia in 2007170. The most recent 
outbreak was in 2010 in Sweden171 with 4000 cases of cryptosporidiosis reported. 
As spore-forming parasites, over twenty Cryptosporidium species have been 
recognised in the laboratory so far, but only a few of them infect humans, including 
C. hominis, C. parvum, C. meleagridis, C. felis, C. canis, C. suis and C. muris172. 
Among these, C. parvum is mostly responsible for human infections. The life cycle 
of C. parvum (Figure 4.1) starts from the host’s ingestion of oocysts, normally from 
water contaminated by faeces from the infected hosts (humans or livestock). Once 
ingested, C. parvum excysts in the small intestine and each oocyst releases four 
sporozoites which parasitise the epithelial cells of the small intestines to cause 
diseases173 (Figure 4.1).  Sporozoites multiply in  the host’s  cells, and produce six to 
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eight merozoites. Merozoites continue to invade the epithelial cells of the host and 
asexually multiply. However, some merozoites develop differently and form either 
male or female gametocytes. Male and female gametocytes then join together to 
generate zygotes, which later undergo sporogony and finally develop into thin-wall 
and thick-wall oocysts. Thin-wall oocysts stay in the host and maintain infection by 
excysting and releasing sporozoites to invade enterocytes within intestines, while 
thick-wall oocysts pass through the digestive system into the environment, where 
they can survive and remain infective for over a year. If another host swallows them, 
a new cycle of C. parvum infection occurs. 
Understanding the behaviour and fate of C. parvum in water treatment 
systems is essential to assess risk at existing plants and appropriately design future 
systems174, 175. Although it is known that the nature of the coagulation pre-treatment 
is very important for the efficiency of the subsequent water treatment processes, the 
exact adhesion and removal mechanisms have not been elucidated174, 176. Few field 
studies of C. parvum in water treatment systems have been undertaken, due to 
limitations in the assay techniques for determining a mass balance for oocysts and a 
lack of understanding of the mechanisms of interaction with chemicals or surfaces 
within the process174. Instead, laboratory studies have concentrated on the adhesion 
characteristics of C. parvum to a range of materials and measurement of interaction 
forces.  
Numerous factors influence oocyst-surface interactions including oocyst 
treatment (e.g. formalin or heat treatment to inactivate oocysts or proteinase K to 
digest surface macromolecules), the nature of the surface (charge and 
hydrophobicity) and solution conditions (e.g. the presence of divalent metal ions or 
ionic strength)174, 175, 177-180. However these previous studies have demonstrated some 
deviation from the predicted theory developed by: Derjaguin and Landau; Verwey 
and Overbeek (DLVO). The attachment efficiency of C. parvum to surfaces (e.g. 
quartz or silane) has been observed to be generally low, even at high ionic strengths, 
where DLVO theory predicts no energy barrier to adhesion. These results have been 
explained by the presence of a fluffy glycoprotein layer181 extending approximately 
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115 nm from the oocyst wall182. This brush-like arrangement of macromolecules 
contributes “electrosteric” repulsion preventing oocyst adhesion to surfaces.  
While various studies of C. parvum adhesion have been undertaken, with 
materials ranging from metal oxides180, quartz177, 181, silanes182, natural organic 
matter178, biofilms183 and clays to natural suspended sediments179, little work, apart 
from a paper by Dai, have investigated polymeric materials175. In that paper, Dai and 
co-workers mixed C. parvum oocysts with glass beads and beads coated with 
aminosiloxane and fluorosiloxane, and recovered the oocysts using a flow cytometer 
to count the number of oocysts in suspension. They found oocysts preferred to bind 
on the positively charged, hydrophilic aminosiloxane beads (82% recovery relative 
to a control) and 100% of oocysts were recovered from both glass and fluorosiloxane 
beads. This indicated that surface charge was a more important factor than 
hydrophobic effects on oocyst adhesion. 
Understanding the adhesion of C. parvum to polymers would be highly useful 
for numerous reasons: firstly, the membranes employed in filtration methods of 
water treatment and monitoring are made out of polymeric materials; secondly, 
polymers could easily be used as coatings in water treatment systems or sensing 
applications; thirdly, it is easy to systematically vary polymer properties to facilitate 
studies to elucidate structure-activity relationships. 
Polymer microarrays have not previously been applied to investigate 
protozoa. In this chapter, 652 polymers were screened to determine which materials 
would enhance or limit C. parvum adhesion, investigating the role of C. parvum 
binding on surfaces as well as the influence of polymer hydrophobicity, surface 







4.2 Polymer Microarray Screening 
4.2.1 Initial Polymer Microarray Screening  
Polymer microarrays with 652 pre-synthesised and well characterised polymers were 
fabricated onto a glass slide, which was subsequently exposed to C. parvum oocysts 
for 3 hours at room temperature with agitation. Following staining of the slides, 
automated screening was performed to capture images for each polymer with 
automatic counting of the number of oocysts per polymer feature. The initial 
microarray of 652 polymers showed considerable differences in binding affinities 
between different polymers. From these initial experiments, 34 polymers were 
selected for further investigation (results shown in Figure 4.2), to increase our 
understanding of how polymer material properties influence oocyst adherence. 
 
 
Figure 4.2 Results of the oocysts initial polymer microarray screening (n=3). Graph of 

































































































































4.2.2 Hit Polymer Microarray Screening  
These selected polymers were re-printed in quintuplicate to give so-called “hit” 
arrays (results of hit arrays are shown in Figure 4.3). This included those polymers 
that promoted strong interaction (such as PA512, PA528 and PA531) and those 
which prevented adhesion (such as PAs, 1, 2, 3, 4, 5 and 6, and PUs, 91, 230, 239). 
The results of the hit arrays show that PA365, PA528 and PA531 most successfully 
bound C. parvum oocysts whereas PA 1-6 acted to prevent binding. PA6 and PA531 
were selected for later investigation on larger surfaces in order to confirm suitability 
for practical applications (Figure 4.4a). The chemical structures of PA6 and PA531 
are shown in Figure 4.4b; they were resynthesised and spin-coated onto glass 
surfaces and exposed to oocysts for large-scale binding experiments.  
 
 
Figure 4.3 Results of the oocysts hit polymer microarray screening (n=5). Graph of oocyst 




































































































































Figure 4.4 (a) Images of the polymer features on the hit arrays with C. parvum oocysts 
stained with Crypto-a-glo (green fluorescence), and DAPI (blue fluorescence). Fluorescent 
(left) and phase contrast (right) images of a polymer feature of a poor binding polymer 
(PA6) and a strong binding polymer (PA531). (b) Chemical structures for the two polymers. 

















4.3 Effects of Material Properties and Oocyst Viability on 
Adhesion of C. parvum 
Analysis of the hit polymers was used to investigate the relationships between 
binding and material properties, including hydrophobicity, surface roughness and 
polymer composition, which influence cellular, bacterial and protozoan adhesion, as 
well as the influence of oocyst viability on C. parvum adherence112, 175, 181, 184.  
4.3.1 Wettability Analysis 
Wettability is one of the most important properties utilised in the area of polymeric 
analysis, and is used as a measurement of the hydrophobicity/hydrophilicity of 
materials. The Bradley group developed the first high-throughput methods to 
evaluate wettability91, 96. Importantly, this measurement was dynamic as water 
contact angles (WCAs) vary with time (See Table 4.1 for the WCAs of the hit 
polymers in this study).  
From the results, the eight best-binding polymers all had a WCA between 60° 
and 69° (Figure 4.3, 4.5 and Table 4.1), suggesting that this range of WCAs is 
optimal for oocyst binding. Furthermore, it appears (Figure 4.3, 4.5 and Table 4.1) 
that extremes of hydrophobicity or hydrophilicity have a negative influence on 
oocyst attachment. The identified poor binding polymers (PA1-6) all exhibited high 
WCAs as do the PUs 91, 223 and 226. Poor adhesion was also seen with the other 
polyurethanes, such as PU230 and PU239, which exhibited the lowest WCAs. 
However, there was no direct correlation between oocyst adherence and 
WCA. This lack of correlation is supported by the observation that many poor-
binding polymers had WCAs, in the so-called optimal binding range, between 60° 
and 72° (Figure 4.5 and Table 4.1). Additionally, PA104, noted for its strong 
interaction with C. parvum oocysts, had a high contact angle, comparable to PA1 and 
PA6 (Figure 4.5 and Table 4.1). Therefore, our results support the assertion by Dai175 






Table 4.1 Hit polymer wettability (water contact angle) and surface roughness (root mean 
square). 
Polymer Water contact angle (°) Root mean square (nm) 
PA1 74 32.4 
PA2 72 23.6 
PA3 71 36.7 
PA4 85 19.0  
PA5 83 16.7  
PA6 79 1.7  
PA100 67 0.79  
PA101 66 3.8  
PA104 86 5.0  
PA107 40 2.1  
PA113 74 0.96  
PA152 68 1.1 
PA165 59 12.2 
PA167 64 1.1 
PA170 69 1.5 
PA365 64 1.4 
PA395 61 8.3 
PA416 62 1.8 
PA445 66 2.4 
PA464 69 6.7 
PA476 74 7.2 
PA480 64 1.7 
PA484 54 2.1 
PA504 67 1.6 
PA512 64 3.1 
PA528 61 3.5  
PA529 61 0.91 
PA531 61 2.0  
PA539 60 5.6  
PU91 82 17.0  
PU223 83 6.4  
PU226 83 0.73  
PU230 32 59.0  







Figure 4.5 C. parvum oocyst adherence and polymer wettability (water contact angle) of hit 
polymers (n=5)  
 
4.3.2 Surface Roughness 
Atomic force microscopy (AFM) was employed to investigate the influence of the 
surface roughness on C. parvum adherence (Figure 4.6, 4.7). The root mean square 
surface (RMS) roughness value of strongly binding polymers such as PA531, PA528 
and PA480 were 2.0 nm, 3.5 nm and 1.7 nm respectively, suggesting that low surface 
roughness may assist C. parvum oocyst attachment (Table 4.1). Accordingly, those 
polymers with the highest roughness value showed the lowest binding of C. parvum 
oocysts; for example, the inhibitory polyacrylates, PA1 (32.4 nm), PA2 (23.6 nm), 
PA3 (36.7 nm), PA4 (19.0 nm), and PA5 (16.7 nm) as well as PU230 (59.0 nm) and 
PU91 (17.0 nm). Fitting of linear, logarithmic and polynomial trend lines, to a plot of 























oocyst adherence against RMS, all generated low R2 values (0.17 or less) indicating 
a lack of correlation between the surface roughness and C. parvum adhesion. 
 
 
Figure 4.6 Surface roughness analysis of strong/poor oocyst binding polymers on hit arrays 
using atomic force microscopy (AFM, DimensionV Nanoscope, Veeco). The results were 
calculated using NanoScope analysis software (Veeco version 1.20). Polymer names listed at 
the top of each sub-image: (a) PA528, (b) PA4, (c) PA104, (d) PA101, (e) PA531, (f) 








Figure 4.7 C. parvum oocyst adherence and polymer surface roughness (root mean square) 
of hit polymers (n=5)  
 
The root mean square (RMS) surface roughness value ranged from 0.01 to 
59.0 nm (Table 4.1 and Figure 4.7). However, Figure 4.7 shows that for polymers 
with RMS values of greater than 15 nm C. parvum interactions are inhibited. 
Interestingly, the surface roughness of oocysts was between 5-20 nm over micron-
sized areas174, 185 and for bacterial attachment it is known that irregularities that 
conform to the size of the bacteria increases the adhesion due to maximising 
bacteria-surface contact area184, 186 perhaps for C. parvum a similar surface roughness 
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4.3.3 Polymer Composition 
Figure 4.8 shows clearly that specific polymer compositions inhibit binding and 
includes polymers containing styrene and N,N-dimethyl acrylate (DMAA) or N,N-
diethyl acrylate (DEAA), while three out of four of those polymers which had the 
highest adherence of oocysts contained methoxyethyl methacrylate (MEMA) with 2-
(diethylamino)ethyl methacrylate (DEAEMA) or MEMA with 2-(dimethylamino) 
ethyl methacrylate (DMAEMA).  
 
 
Figure 4.8 Mapping the binding behaviour of C. parvum oocysts. (a) Location map of the 34 
selected polymers on the arrays; (b) oocyst adherence on the arrays; (c) composition of the 
polymers, with the monomers shown in (d). 
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Hydrogen bonding and acid-base interactions may play an important role in 
controlling surface adhesion of oocysts to polymers. Comparison of the structures of 
PA531 (strong interaction) and PA6 (inhibition of adhesion) supports this argument. 
PA531 contains MEMA and DEAEMA which possess several groups capable of 
participating in hydrogen bonding and ionic interactions, whereas PA6 is composed 
of styrene and DMAA and as such is less effective for these interactions (Figure 4.8). 
A key component of PA531 is DEAEMA, which has a reported pKa of 8.4187 which 
means that it will be protonated at all physiologically relevant pH’s. This will thus 
ion-pair with the carboxylate/phosphate rich oocyst wall. The same argument holds 
for PA101 and PA480. The poor binding of PA1-6 can be rationalised by the non-
charged nature of styrene and the acrylamides, DMAA and DEAA. Likewise, the 
PUs (PU91, PU223, and PU226) have no formal positive charge. 
4.3.4 C. parvum Viability on Adhesion Characteristics 
To investigate the influence of C. parvum viability for its adhesion onto polymer 
materials, non-viable oocysts obtained by heat treatment were exposed to the hit 
arrays. Some polymers, such as PA101, PA480 and PA531, showed high binding for 
both viable and non-viable oocysts (Figure 4.9). Additionally, polymers such as PA1, 
PA2, PA3, PA4, PA5 and PA6 completely prevented viable and non-viable oocyst 
adhesion (Figures 4.9). However, in general, notable differences in adhesion 
characteristics were obtained in the results for viable and non-viable oocysts. PA113 
and PA531 were the top two polymers for adhesion of non-viable oocysts, while 
PA365 and PA528 demonstrated the highest affinity binding for viable oocysts, 
perhaps indicative of different mechanisms, and relative strengths, of interactions. 
Polymers PA104 and PA504 demonstrated the highest selectivity in favour of 
binding viable oocysts given that the ratio of viable to non-viable oocysts bound was 
greater than 20 as opposed to an average of 4.5 for all the polymers in the hit arrays 
(Figure 4.9b).  
A lower number of oocysts per polymer spot for the non-viable oocysts were 
observed (Figure 4.9), contradicting previous work which suggested that heat 
treatment of oocysts enables better adhesion via alteration/removal of surface 
glycoproteins176, 182. However, the influence of viability on oocysts adhesion has not 
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been previously studied for polymer materials. Possibly, for polymer materials, the 
interaction is dominated by forces such as hydrogen bonding and Lewis acid base 
interactions188, and non-viable oocysts, with a reduced proportion of surface 
glycoproteins, are less able to interact with polymer surfaces.  
 
 
Figure 4.9 (a) Bar graph indicating the average number of bound viable/non-viable oocysts 
for each polymer (averaged over the 5 spots). Purple: non-viable oocysts; Blue: viable 










































































































































PA113 1.8 PA464 8.5 PA167 1.4 PA5 no binding 
PA531 3.5 PA100 8.0 PA512 4.9 PA4 no binding 
PA101 3.7 PA416 3.7 PA104 20.7 PU230 no binding 
PA152 2.9 PA484 2.6 PA504 22.5 PA3 no binding 
PA480 4.2 PA365 13.7 PA2 no binding PU91 no binding 
PA107 2.3 PA395 3.3 PU226 no binding PA1 no binding 
PA528 6.9 PA529 4.3 PA445 no binding PA6 no binding 
PA476 1.4 PA170 1.4 PU223 no binding   




4.4 Large Scale Experiments  
4.4.1 Fluorescence Microscopy Analysis 
PA531 and PA6 were resynthesised and spin coated to 13 mm glass coverslips, 
followed by three hour exposure to oocysts and imaged by fluorescence microscopy. 
Figure 4.10 shows that polymer performance was maintained on the larger scale; 
with numerous oocysts observed to adhere to PA531 coated surface, in contrast to no 
oocysts on the surface of PA6.  
 
 
Figure 4.10 Viable oocysts stained with Crypto-a-glo (green fluorescence) and DAPI (blue 
fluorescence) on the polymer surface of (a) PA531 and (b) PA6 coated coverslips. Scale bar 
= 100 µm. 
 
4.4.2 Scanning Electron Microscopy Analysis 
Scanning electron microscopy (SEM) was utilised to study the binding of both viable 
and non-viable oocysts on these selected polymers. SEM images of the large scale 
substrates coated with PA531 and PA6 were consistent with the polymer microarray 








Figure 4.11 SEM images of viable/non-viable oocysts on coated substrates. (a) Viable 
oocyst attachment on the PA531; (b) viable oocysts did not attach on PA6; (c) morphology 
of viable oocyst attachment on a PA531; (d) non-viable oocysts adhering to PA531, showing 
excystation expelling their internal sporozoites. Scale bars are shown for (a) to (d). 
 
The morphologies of viable oocysts on PA531 (Figure 4.11c) exhibited the 
expected oocyst features, with shape, size and presence of a central suture all in 
agreement with previous SEM studies of C. parvum oocysts189. Occasionally 
differences in morphology were observed, with a higher proportion of non-viable 








From an analysis of over 652 polymers, materials were identified which enhance or 
prevent the binding of the waterborne, protozoan parasite C. parvum. Results from 
the initial array were confirmed on a hit array, containing the best and worst 
performing polymers, and on larger polymer coated surfaces. Differences were 
observed between the adhesion characteristics of viable and non-viable oocysts.  
Comparison of the binding data with the physical properties of the polymers 
indicated that neither wettability nor surface roughness of the polymers were 
important factors in controlling the adhesion of C. parvum oocysts. However, the 
polymer composition was critical in determining oocyst-polymer interactions. The 
presence of certain monomers, e.g. DEAEMA or DMAEMA with MEMA, were 
associated with enhanced binding whereas other monomers, e.g. styrene with DEAA 
or DMAA, in the polymers appeared to prevent adhesion. This was explained by ion-
pair interactions between the polymer surfaces and the oocyst wall. 
Future work is necessary to investigate the kinetics of adhesion, and the 
influence of variation in pH and ionic strength of water samples on C. parvum oocyst 
binding. Additionally, further research is also desirable to look at the adhesion 
behaviour of different Cryptosporidium species and also explore potential 
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The protozoan parasite Giardia lamblia (G. lamblia), which has a low infectious 
dose (1-10 cysts), contaminates water supplies across the globe and causes 
giardiasis190. Treatment of giardiasis varies depending on the patient, as does the 
effectiveness of different drugs, which have common side effects191. This pathogen 
causes a major problem in the water industry as it is resistant to disinfection by 
chlorine treatment192 and can also pass with up to 30% efficiency through advanced 
membrane filters193. Prevalence of G. lamblia is around 20-30% in the developing 
world194, with up to 100% of children acquiring the infection before the age of 
three191. In the developed world, where water treatment is better and more 
widespread, prevalence is lower but outbreaks do occur. In 1985 there was a 
particularly serious outbreak in the UK195 with 108 cases of giardiasis confirmed. In 
the US, G. lamblia is one of the most common intestinal protozoan infections, and in 
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New York State, the incidence of G. lamblia infectious diseases was 19 per 10,000 
capita in 2001196. In 2004, over 1000 cases were reported in Norway, resulting from 
leaking sewage and ineffective water treatment197.  
The spread of G. lamblia infection is by the faecal-oral route with outbreaks 
commonly occurring via water contamination as cysts can survive in water for over 3 
months. After ingestion, G. lamblia cysts pass through the stomach, excyst and 
release two trophozoites in the small intestine (Figure 5.1), which adhere to the 
epithelial surface and undergo asexual replication by binary fission198. Some of 
theses trophozoites and cysts pass through the digestive system into the faeces for 
transmission. However, trophozoites can not survive very long time outside the host, 
only cysts are able to survive and infect other hosts. There is a period of incubation 
after ingestion of G. lamblia ranging from 1 to 45 days198, and symptoms of infected 


















The culmination of the lifecycle of G. lamblia in its host is the release of 
thick-walled cysts, which are resistant to a wide range of environmental stresses. The 
wall consists of a fibrillar extracellular matrix, lined by a double inner membrane and 
with an outer filamentous wall200. This outer wall is around 300 nm thick, and is the 
most important aspect when considering the adhesive abilities of the cysts. The outer 
wall is composed of around 43% carbohydrates201, 86% of which comprises a 
homopolymer of β-(1-3)-N-acetyl-D-galactosamine202. The galactosamine forms 
curled fibrils, which bind to cyst wall proteins via internal lectin domains. Binding to 
these proteins compresses the homopolymers into a narrow, mesh-like structure in 
fully formed cyst walls203. 
Most previous studies of G. lamblia surface interactions have focused on the 
post-ingestion trophozoite stage with the aim of understanding host susceptibility and 
the process of infection (Figure 5.1). Relatively little work204 has considered the cyst 
stage, which is more important in environmental analysis, for example: to understand 
the transport and fate of cysts in the environment; to predict and explain the 
performance of water treatment technologies; and to design novel materials for 
membranes and filters. 
Cyst interaction with polymeric materials was investigated in a paper by 
Dai175. This work compared the adhesion of G. lamblia cysts on glass beads, fluoro- 
and amino-polymeric coated beads and polymer cationic resins. Results showed that 
both fluoro-coated beads (most hydrophobic) and polymer cationic resin (hydrophilic 
and with the strongest positive charge) bound G. lamblia cysts. However, after 
binding, cysts were recovered from the cationic resin (66% relative to a control), 
while no cysts were recovered from the fluoro-coated beads. This indicated that 
although both hydrophobicity and surface charge can influence the adhesion of G. 
lamblia cysts to solid surfaces, hydrophobicity appears to exert a greater influence 
than surface charge alone.  
Since polymers are utilised in the production of membrane filters for water 
treatment and monitoring, pathogen-specific coatings could help to improve the 
performance of these methods193. Furthermore, the relative simplicity with which 
polymeric material properties can be modified readily provides a method to gain 
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insight into structure-activity relationships with respect to parasite/material 
interactions. Improved knowledge of G. lamblia interactions with polymers could 
thus assist in the design of improved water treatment processes.  
In this chapter, the focus was on the identification of materials for G. lamblia 
adhesion and investigation of the mechanisms by which the protozoa attach to a 
specific polymer. 652 polymers were screened to determine which materials 
promoted or limited G. lamblia adhesion. The polymeric effect on surface 
interactions such as hydrophobicity, surface roughness and polymer 
structure/composition were investigated. In addition, G. lamblia viability and the 
influences of pH and proteinase K on G. lamblia interactions with surfaces were also 
studied.  
5.2 Polymer Microarray Screening 
Polymer microarray preparation and fluorescence microscopy analysis were carried 
out by Mei Wu in the School of Chemistry, University of Edinburgh. The incubation, 
fixing and staining of the polymer microarrays with cysts were undertaken by Harry 
Pickering in the School of Engineering, University of Edinburgh. 
5.2.1 Initial Polymer Microarray Screening 
652 polymers were examined in initial microarray studies and showed significant 
variation in parasite binding ability. Viable G. lamblia cysts (1 million cysts per 
experiment) were exposed to the initial microarrays for 3 hours. From these results, 
34 polymers were selected to undergo a more detailed investigation to understand 
how their properties influence cyst adherence. Polymers showing either very strong 
cyst binding or the prevention of cyst adherence in initial polymer microarrays are 








Figure 5.2 Screening of G. lamblia cysts on polymer microarrays. Graph of cyst binding on 
34 hit polymers which promoted or inhibited G. lamblia adhesion (n=3). 
 
5.2.2 Hit Polymer Microarray Screening  
Six copies of each selected polymer (34 members) were printed onto a microscope 
slide to form a so-called “hit-array”. The polymers chosen were a mix of those which 
promoted strong adhesion (PA101 (Figure 5.3), PA104, PA531 and PA480), and 
those which prevented binding (PAs 1 to 6, PA31 to 33 and some polyurethanes, 
PU91, PU223 and PU226). These results confirmed PA104, PA531 and PA480 as 
the best binding polymers, while highlighting PA6 and PA32 as polymers which 
prevented binding (Figure 5.4). These polymers were selected for a detailed 
investigation of their physical/chemical/biological properties which influence cyst 
binding, such as wettability, surface roughness, polymer composition, cyst viability, 
the presence of enzyme and variance in pH, as well as on larger surfaces to 




























































































































Figure 5.3 Image of the cysts stained with Giardia-a-glo (green), and DAPI (blue) bound to 
polymer spot (PA101). Fluorescent (left) and phase contrast (right) images of selected 




Figure 5.4 Screening of G. lamblia cysts on hit polymer microarrays. Graph of cyst binding 








































































































































5.3 Effects of Polymer Properties on Adhesion of G. lamblia 
5.3.1 Effect of Polymer Hydrophobicity/Wettability  
Wettability is a crucial property for polymers, with dynamic water contact angles 
(WCA) being the most common values used to quantify wettability or 
hydrophobicity. One previous work by Dai demonstrated that hydrophobic forces 
dominate surface charges when considering surface/G. lamblia interactions175. 
However, in this work, the binding of the polymers to cysts demonstrated no 
correlation between wettability and cyst adhesion (Table 5.1 and Figure 5.5). 
 
Table 5.1 Hit polymer wettability (water contact angle). 
Polymer Water contact angle (º) Polymer Water contact angle (º) 
PA1 74 PA460 70 
PA2 72 PA480 64 
PA3 71 PA488 64 
PA4 85 PA496 47 
PA5 83 PA525 83 
PA6 79 PA527 61 
PA9 80 PA529 61 
PA12 75 PA531 61 
PA31 40 PA536 60 
PA32 17 PA537 61 
PA33 18 PA539 60 
PA100 67 PA543 64 
PA101 66 PU91 82 
PA104 86 PU223 83 
PA356 60 PU226 83 
PA365 64 PU230 32 








Figure 5.5 G. lamblia cyst binding per polymer spot (n=6) in relation to polymer wettability 
(water contact angle). 
 
Figure 5.5 shows that the majority of the polymers with significant binding 
had a WCA between 60º and 65º. The WCAs of two of the best binding polymers, 
PA531 and PA480, were of 61º and 64º respectively. Values of wettability outside 
this range generally indicated poor adhesion; for example PA32, PA33 and PU230 
all prevented cyst adhesion and had low WCAs of 17º, 18º and 32º respectively, 
while PA6, PA4 and PU91, which also prevented adhesion, had high WCAs of 79º, 
85º, and 82º respectively (Table 5.1). This is in direct contrast with the previous 
work by Dai175, who observed that G. lamblia cysts demonstrated the strongest 
adhesion to hydrophobic (WCA 95º) fluorosiloxane-coated glass beads and 
considerable interactions with cationic polymer (commercial polyquaternary 
ammonium resin) beads (WCA 45º), whereas aminosiloxane coated beads (WCA 
70º) prevented adhesion175. From these results, it can be concluded that the 
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wettability/hydrophobicity of a polymeric material is not a property which could be 
employed to predict the degree of G. lamblia cyst interaction. Other factors must 
play an important role, and it highlights the advantages of microarray approaches in 
which multiple polymer properties can be screened to allow the optimal properties to 
be rapidly selected. 
 5.3.2 Effect of Polymer Surface Roughness  
Atomic force microscopy (AFM) was employed to investigate the influence of 
surface roughness on G. lamblia adherence. For each polymer surface, analysis was 
taken over a 100 µm2 area and the root mean square (RMS) surface roughness was 
determined from an average of three random positions. The RMS ranged from 0.01 
to 59.0 nm, and did not show any correlation with WCA (Table 5.1, 5.2 and Figure 
5.6). 
 
Table 5.2 Hit polymer surface roughness (root mean square). 
Polymer Root mean square (nm) Polymer Root mean square (nm) 
PA1 32.4 PA460 7.4 
PA2 23.6 PA480 1.7  
PA3 36.7 PA488 3.9 
PA4 19.0 PA496 1.6 
PA5 13.6 PA525 0.6 
PA6 1.7 PA527 4.2 
PA9 3.8 PA529 0.9 
PA12 12.9 PA531 2.0 
PA31 4.8 PA536 9.1 
PA32 1.0 PA537 2.3 
PA33 0.2 PA539 5.6 
PA100 0.8 PA543 7.3 
PA101 3.8 PU91 17.0 
PA104 5.0  PU223 6.4 
PA356 5.6 PU226 0.7  
PA365 1.4 PU230 59.0 





Figure 5.6 Water contact angle against surface roughness, showing minimal correlation. 
 
Similar to the wettability analysis, surface roughness demonstrated no 
correlation with cyst adhesion (Figure 5.7). PA6, PA32 and PU230 which prevented 
adhesion, had RMS values of 1.7 nm, 1.0 nm and 59.0 nm, respectively, while 
PA104, PA480 and PA531, the strongest binding polymers, had RMS values of 5.0 
nm, 1.7 nm and 2.0 nm, respectively (Table 5.2). It is clear from Figure 5.7 that high 
values of RMS, specifically those greater than 10 nm, appear to prevent adhesion, 
including polymers such as PA1, PA3-5 and polyurethanes, PU91 and PU230. This 
suggests that while surface roughness is not well correlated with cyst adhesion, high 
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Figure 5.7 G. lamblia cyst binding per polymer spot (n=6) and polymer surface roughness 
(root mean square).  
 
For bacterial attachment it is known that the presence of irregularities that 
conform to the size of the bacteria increases adhesion due to maximising bacteria-
surface contact area184, 186. If this hypothesis were correct for G. lamblia, it would 
imply that the surface roughness of cysts is likely to be on the order of 1-10 nm (the 
RMS value above which no adhesion was observed for G. lamblia). AFM 
measurement of G. lamblia cysts was carried out by binding G. lamblia cysts on a 
PA104 coated surface, and gave a surface roughness of 53.0 nm (Figure 5.8), higher 
than all of the hit polymers except PU230 (Table 5.2).  
 
 


























Figure 5.8 AFM analysis of the surface roughness of G. lamblia. (a) Image of the measured 
G. lamblia cyst. (b) Associated phase image for surface roughness determination. Scale bar = 
2 µm. 
 
5.3.3 Effect of Polymer Composition 
To investigate the relationship between chemical composition of the polymers and 
cyst adhesion, the monomeric composition was mapped against binding (Figure 5.9).  
Figure 5.9 indicates that inhibition of cyst binding was greatest in 
polyacrylates containing N,N-dimethyl acrylamide (DMAA), N,N-diethyl acrylate 
(DEAA) or styrene, as well as polyurethanes containing Poly(1,6-
hexanediol/neopentyl glycol-alt-adipic acid)diol (PHNAD), such as PU223 and 
PU226. Monomers promoting strong binding included 2-(dimethylamino)ethyl 
methacrylate (DMAEMA), 2-(diethylamino)ethyl methacrylate (DEAEMA), 2-
(dimethylamino)ethyl acrylate (DMAEA), or 2-(diethylamino)ethyl acrylate 








Figure 5.9 Analysis of hit array results and polymer structures. (a) Left to right: polymer 
identity; the binding of cysts; and the polymer composition. Bars relating colour intensity to 
cyst binding. (b) Structures of the monomers. 
 
For cellular adhesion it has been reported that glycol functionalities act in a 
preventative manner112. Binding to surfaces is often attributed to the protein-repellent 
nature of functional group moieties. For the majority of cell types adhesion is 
considered to occur via initial protein adsorption, which subsequently mediates 
cellular adhesion. Accordingly, the repellent nature of glycol functionalities is 
consistent with the results in this chapter, since none of the polyurethanes containing 
monomers with glycols, such as PU230 and PU239, showed strong interactions with 
the cysts. In this case, poor interactions between the proteins and the glycol moieties 
could inhibit binding of the cyst surface proteins, thus limiting interactions between 
these polymers and the cyst outer wall.  
PA543 PA6 PA1             55%1 10%9 35%4 50%15 50%13 90%15 10%14 
PA9 PA527 PA365             50%15 50%12 75%1 25%4 50%7 50%3 
Ctrl PA496 PA100             Control 60%1 30%4 10%13 70%1 30%2 
PU91 PA5 PA2             48.5%16 51.5%19 70%15 30%13 70%15 30%14 
PA536 PA31 PA3             65%1 5%9 30%4 90%6 10%13 50%15 50%14 
PA101 PA531 PA356             50%1 50%2 55%1 45%4 50%7 50%4 
PA460 PA537 PA416             60%1 30%5 10%11 60%1 5%9 35%4 60%1 30%4 10%8 
PU230 PA488 PA12             25%17 52%19 23%22 60%1 30%4 10%23 50%7 50%14 
Ctrl PU239 PA4             Control 25%17 52%19 23%21 90%15 10%13 
PA104 PA539 PA529             50%1 50%5 50%1 5%9 45%4 65%1 35%4 
PU223 PA525 PA32             25%18 52%20 23%23 85%1 15%4 70%6 30%13 
PU226 PA480 PA33             48.5%18 51.5%20 60%1 30%4 10%9 50%6 50%14 
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In terms of amine functionalities, on the hit arrays, the monomers DMAEA, 
DEAEA, DMAEMA and DEAEMA, present in polymers also containing MEMA 
and MMA, all contain secondary amine groups and were associated with high levels 
of cyst adhesion. For cyst adhesion, the hypothesis is that at physiological pH values, 
the amines will be protonated and thus can ion-pair with the cyst wall. DMAA and 
DEAA contain amide groups and are present in polymers which prevent adhesion. 
Since amide groups will not be protonated at physiologically relevant pH values; this 
explains the lack of interaction with G. lamblia. 
Thus, it could be hypothesised that glycol, aromatic and amide functional 
groups act to prevent adhesion whereas amine groups promote adhesion.  
5.4 Non-polymeric Effects on Adhesion of G. lamblia 
5.4.1 Effect of G. lamblia Viability  
Non-viable cysts were also investigated for their ability to bind to the polymers. 
Non-viable G. lamblia cysts were obtained via heat treatment205 and confirmed by 
staining with a membrane impermeable dye, propidium iodide (Figure 5.10). 
 
 
Figure 5.10 Propidium iodide staining to confirm that heat treatment resulted in non-viable 
cysts. (a) Phase contrast image of three cysts after 5 minutes of heat treatment at 70˚C. (b) 





The viability of the cysts had a low impact upon whether binding to the 
polymer surfaces was observed, as supported by an R² value of 0.857 (Figure 5.11) 
between viable and non-viable cyst adhesion, suggesting that viability does not have 
a significant effect on adhesion characteristics of G. lamblia cysts. Specific 
polymers, such as PA531 and PA104, showed high binding regardless of the viability 
of the cysts (Figure 5.12b). There was also a considerable number of polymers, such 
as PA1-6, which effectively prevented binding of both viable and non-viable cysts 
(Figure 5.12b).  
 
 






y = 0.8174x + 5.0521 






































Figure 5.12 Hit array screening for viable/non-viable G. lamblia cyst binding. (a) Images of 
the cysts stained with Giardia-a-glo (green), and DAPI (blue) bound to polymer spots. 
Fluorescent (left) and phase contrast (right) images of selected polymers are shown. Left: 
two strong binding polymers (PA104 and PA531). Right: two poor binding polymers (PA6 
and PA32). Scale bar = 100 µm. (b) Graph comparing the results of 34 polymers on hit 
arrays with viable (dark grey) and non-viable cysts (light grey), showing the strong 













































































































































































5.4.2 Effect of Proteinase K Treatment  
Proteinase K has previously been employed to study the nature of surface 
macromolecules of Giardia202. To further understand the cysts’ surface interactions, 
viable cysts were treated with proteinase K, to remove proteins from the outer layers 
of the cyst wall, before analysis on a hit array. Proteinase K removes any proteins 
stretching out from the cyst and also contributes to degradation of those involved in 
the mesh-like outer wall. SEM images (Figure 5.13) illustrate changes in cyst 
morphology, e.g. cysts either revealing a clearly delineated cyst wall (Figure 5.13a) 
or appearing rounded with slightly thicker outer walls (Figure 5.13b), as expected. 
Chatterjee previously reported that removal of the cyst wall proteins decompresses 
the galactosamine fibrils, thus thickening the cyst wall203. The results showed that 
binding to the polymers was severely limited for all polymers on the hit arrays, with 
the number of cysts bound reduced by 70% (Figure 5.14), although polymers which 
normally promoted strong adhesion, such as PA104 and PA480, still bound the 
highest number of cysts. The reduction in adhesive ability suggests that the cyst wall 
proteins that bind the galactosamine fibrils play a crucial role in surface interactions. 
This supports the theory that protein-specific interactions with the polymers control 
the adhesion of the cysts to the surfaces.  
 
Figure 5.13 SEM images of the proteinase K treated cysts on a polymer spots of the hit 





Figure 5.14 Graph comparing binding of viable cysts on the hit arrays before (dark grey) 
and after (light grey) proteinase K treatment.  
 
5.4.3 Influence of pH 
Analysis of cyst adhesion at different pH values (pH 2 and 12) showed an overall 
reduction in binding (Figures 5.15 and 5.16). Those polymers (PA12, PA33 and 
PU91) with weak adhesion at pH 7 did not exhibit significantly different results at 
extremes of pH, whereas those which demonstrated strong adhesion at pH 7 showed 
severe reductions in binding at both pH 2 and 12. In previous discussions, analysis of 
the effects of polymer composition and proteinase K treatment on cyst adhesion 
suggested that ion-pair interactions play a key role in controlling the binding of G. 
lamblia to a polymer surface. At pH 2, the cyst wall will have high net positive 
charges and therefore will not be attracted to protonated amines. At pH 12, whilst the 
cyst wall will be negatively charged, amines on the surface will not be protonated 
and again no interactions will occur. Thus, performing experiments at different pH 
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Figure 5.15 Effects of pH on G. lamblia cyst binding at pH 2 (patterned grey), pH 7 
(medium grey) and pH 12 (dark grey).  
 
Figure 5.16 Fluorescence and phase contrast images showing cysts bound on polymer spots 












































































































































5.5 Large-scale Polymer Experiments 
5.5.1 Fluorescence Microscopy Analysis 
Polymers (PA6, PA32, PA104, PA480, and PA531) that showed strong 
affinity/repulsion to both viable and non-viable cysts were resynthesised and spin-
coated onto glass surfaces (coverslips, 13 mm in diameter), followed by exposure to 
cysts and imaging by fluorescence microscopy. The performances of large-scale 
polymer coated surfaces were as expected (Figure 5.17), with PA531, PA104 and 
PA480 significantly promoting strong binding, and PA6 and PA32 considerably 
preventing cyst adhesion.  
 
 
Figure 5.17 Polymer scale-up experiments for G. lamblia cyst binding. Fluorescence (left) 
and phase contrast (right) images of viable/non-viable cysts were shown on polymer coated 
surfaces (a-d). (a-c) Selected polymers for strong cyst binding: (a) PA531; (b) PA104; (c) 
PA480. (d) No cyst binding on PA32. For the fluorescence images cysts were stained with 


























5.5.2 Scanning Electron Microscopy (SEM) Analysis 
SEM imaging of G. lamblia cysts on polymer coated surfaces (Figure 5.18) 
demonstrated the features expected of G. lamblia cysts, with their shapes and sizes 
consistent with previous studies206. All G. lamblia viable cysts showed a similar 
appearance (Figure 5.18c), while non-viable cysts displayed more intercellular 
details and a granular texture (Figure 5.18d). These images also highlight the 
differences between viable and non-viable cysts, with the walls being generally 
rougher and thicker in the latter207.  
 
 
Figure 5.18 SEM images of polymer scale-up experiments for G. lamblia cyst binding. 
Strong binding PA531 coated surfaces with (a) viable and (b) non-viable cysts. High 
magnification images of (c) viable and (d) non-viable cysts on a PA531 coated surface. Scale 








In summary, this work shows the results of a polymer microarray investigation into 
the adhesion characteristics of the water-borne protozoan parasite G. lamblia. From 
652 screened polymers, several materials were identified which either promoted or 
prevented the binding of G. lamblia cysts. The performance of these polymers was 
confirmed by scale-up. 
Comparison of the adhesion results with polymer properties, such as 
wettability, surface roughness and polymer composition, was undertaken to elucidate 
which factors control cyst-polymer surface interactions. Firstly, it appeared as though 
overall high hydrophobicity or hydrophilicity (outside 50º-70º) seemed to prevent 
cyst adhesion, as did high RMS values (greater than 10 nm). This is illustrated by 
polymers, such as PA5 (83º; 13.6 nm) and PU230 (32º; 59.0 nm). Additionally, the 
strong binding polymers, PA480 and PA531, had wettability values within the range 
60º-65º and RMS values of 2 nm or below. However, no correlation of adhesion was 
observed with wettability or surface roughness, though extremes of hydrophobicity/ 
hydrophilicity and surface roughness were generally associated with poor adhesion.  
In terms of polymer composition, the presence of aromatic monomers, such 
as styrene, amide groups (e.g. DEAA and DMAA) and glycol moieties appeared to 
prevent adhesion. In contrast, secondary amine functionalities were linked with good 
adhesion. MEMA and MMA, copolymerised with amine monomers, such as 
DEAEMA and DEAEA, were also identified as monomers which enhanced 
adhesion. Certain monomers appear to be capable of participating in specific 
chemical associations with the outer wall of the cysts, suggested to be ion-pair 
interactions between protonated amines and negatively charged groups on the cyst 
wall. These interactions do not occur following particular cyst treatments. 
Specifically, removal of surface proteins via proteinase K treatment, or performing 
experiments at different pH values, significantly reduced the adhesive capacity of G. 




The work reported here is the first polymer microarray study of G. lamblia 
cyst adhesion, allowing for interactions with a wide range of polymers to be probed 
and a deeper understanding to be gained of the mechanisms by which parasites attach 
to polymer surfaces. Such improved understanding is likely to contribute to better 
design of water treatment processes for this pathogen, and the polymers identified in 
this chapter may find applications in coatings for membrane filters or even in the 






Chapter 6  
Experimental 
 
6.1 General Information 
6.1.1 Equipment 
QArraymini  microarrayer (Genetix) 
BioAnalyzer 4F/4S white light scanner and FIPS software (LaVision BioTech) 
HCS platform and Pathfinder™ software (IMSTAR) 
Biosafety cabinet: HERAsafe KS 18 class II (Heraeus) 
Incubator: HERAcell 150 (Heraeus) 
Vacuum oven: Vacutherm VT6025 (Heraeus) 
Freeze dryer Micro Modulyo (Edwards) 
Plasma machine (Europlasma) 
P6708 Spin-coater (Speedlines Technologies) 
Critical point drier (Polaron) 
Sputter coater (Edwards) 
XL30CP Scanning electron microscope (Philips)  
Dimension NanoScope V Atomic force microscope (Veeco) 
6.1.2 Polymers 
The polymer libraries, including 475 members of polyacrylate (Appendix I) and 219 
members of polyurethane (Appendix II), were synthesised by Jean-Francois 
Thaburet, Hitoshi Mizomoto and Ann Jasmine Jose as part of a previous project91, 95, 
96, and were previously characterised in terms of molecular weight (by gel 
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permeation chromatography (GPC)), wettability and glass transition temperature (by 
differential scanning calorimetry (DSC))91, 96. 
6.1.3 Chemicals and Materials 
All chemicals were of analytical grade and used as received without further 
purification. Phosphate buffered saline (PBS) tablets were form Oxoid. Tetracycline, 
sodium cacodylate trihydrate, amino-alkylsilane microscope slides and all the 
monomers used were obtained from Sigma-Aldrich, and the coverslips were from 
VWR. GeneFrames (AB-0630) were purchased from Thermo Scientific, and 2.5% 
(w/v) glutaraldehyde and 1% (w/v) osmium tetroxide were purchased from Electron 
Microscopy Sciences. The rectangular four-well plates were purchased from Nunc. 
Gridded glass coverslips were purchased from CELL-VU. 
6.1.4 Polymer Microarray Fabrication 
Polymer microarrays were fabricated by contact printing (QArraymini, Genetix, UK) 
with 32 aQu solid pins (K2785, Genetix) using 1% (w/v) polymer solutions in 1-
methyl-2-pyrrolidinone (NMP) placed in polypropylene 384-well microplates 
(X7020, Genetix, Figure 6.1). The printing conditions used were 5 stamps per spot, 
with a 200 ms inking time and a 100 ms stamping time on amino-alkylsilane treated 
microscope slides (25 × 75 mm), previously dip-coated with agarose Type I-B94 (1% 
w/v in deionised water) at 65˚C. The typical spot size was 300-320 µm in diameter. 
After printing, the polymer microarrays were dried under vacuum at 45˚C overnight. 
 
Figure 6.1 QArraymini (Genetix) contact microarrayer 
Wash and  
dry station 
Pins Slides 
384-Well plate containing  




Glass coverslips (13 mm in diameter) were cleaned with tetrahydrofuran (THF). 
Selected polymers were prepared in THF solutions (2% w/v), and filtered before use. 
100 µl of each polymer solution was placed onto the glass coverslips and spin-coated 
via a spin-coater (P6708, Speedlines Technologies) at 2000 revolutions per minute 
(rpm) for 20 seconds. Coated coverslips were dried in a vacuum oven at 45˚C and 
200 mbar overnight (Figure 6.2). 
 
 
Figure 6.2 Spin coating. 
 
  
Dried overnight  
(vacuum oven) 
Spin coated with 
selected polymer 




6.2 Experimental for Chapter 2 
6.2.1 Polymer Microarray Fabrication 
Polymer microarrays were prepared as described in section 6.1.4. The initial polymer 
microarrays including 1480 polymer spots (quadruplicates of 370 polymers including 
195 polyacrylates and 175 polyurethanes), were fabricated using 32 aQu solid pins 
(k2785, Genetix) in a 32 × 48 pattern with a pitch distance of 560 µm (x-axis) and 
750 µm (y-axis). 
6.2.2 Culture of Bacteria 
S. Typhimurium and E. coli were transformed with pHC60 (expressing GFP)124, 208. 
S. Typhimurium and E. coli were grown with aeration at 37˚C and 30˚C respectively 
on Luria-Bertani (LB) agar plates containing tetracycline (10 µg ml-1). Bacterial 
cultures were then grown in 5 ml of LB broth with continual shaking overnight under 
the same conditions used for culturing on agar. Cultures were collected by 
centrifugation at 6000 rpm for 3 minutes, washed and resuspended with fresh LB 
broth and diluted tenfold to a final concentration of approximately 2 × 108 CFU ml-1. 
6.2.3 Bacterial Binding  
6 ml of S. Typhimurium or E. coli culture (2 × 108 CFU ml-1) were added to polymer 
microarrays (in duplicate) in a four-well plate (Nunc) and incubated overnight 
(except where stated) at room temperature. Subsequently, the polymer microarray 
slides were gently washed three times with 6 ml of PBS, rinsed in 6 ml of deionised 
water, and dried with a stream of air. A GeneFrame and coverslip (1.9 × 6.0 cm, AB-
0630, Thermo Scientific) was then applied to each slide, and the outside was washed 
with 70% ethanol. Polymer microarrays were analysed with a LaVision BioAnalyzer 
4F/4S scanner with a FITC filter. Bacterial adhesion was evaluated via integration of 
the fluorescence intensity after background correction. The mean and standard 
deviation for sets of four identical polymer features were determined, with the 
reproducibility between two identical microarrays evaluated by a student t-test. 
Polymers with p-values < 0.001 and 6 degrees of freedom were considered 
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statistically significant. Raw data of S. Typhimurium and E. coli-polymer binding 
analysis are presented in appendix III. 
6.2.4 Fluorescence-based High-Content Imaging 
High-content imaging was carried out using an automated high-content screening 
(HCS) fluorescent microscope platform (Nikon 50i) with an X-Y-Z stage running 
PathfinderTM (IMSTAR) that allowed the capture of single images for each polymer 
spot. Bacteria were imaged with both brightfield and fluorescein channels with a 20× 
objective. 
6.2.5 Polymer Microarray Reproducibility 
Polymer microarrays were prepared as described in section 6.1.4. Eight members of 
the hit polyurethanes (PU104, PU120 and PU126) and polyacrylates (PA155, 
PA235, PA325, PA422 and PA426) were printed using 8 aQu solid pins (k2785, 
Genetix), following a four-replicate pattern with 8 single fields of 5 × 5 spots in a 
pitch distance of 900 µm (y-axis) and 900 µm (x-axis). S. Typhimurium binding on 
hit polymers was imaged via a HCS platform with the PathfinderTM software package 
as described in section 6.2.4. 
6.2.6 Polymer Microarrays for Time-Dependent Binding 
Polymer microarrays with letters U and K were fabricated with polymers PU104 and 
PA325 using 1 aQu solid pin (k2785, Genetix) under the same conditions as in 
section 6.1.2. Microarrays were incubated with 6 ml of S. Typhimurium (2 × 108 
CFU ml-1) for four hours at room temperature, scanned via a LaVision BioAnalyzer 
4F/4S scanner and imaged via a HCS platform with the PathfinderTM software 
package as described in sections 6.2.3 and 6.2.4, respectively.  
6.2.7 Scanning Electron Microscopy (SEM) Analysis 
After incubation with S. Typhimurium (2 × 108 CFU ml-1) overnight, the hit polymer 
microarrays with eight hit polymer members (PU104, PU120, PU126 PA155, 
PA235, PA325, PA422 and PA426) was washed twice with 6 ml of 0.1 M cacodylate 
buffer (pH 7.4) and then fixed with 5 ml of glutaraldehyde solution (2.5% w/v in 0.1 
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M cacodylate buffer, pH 7.4) at room temperature for 2 hours. Polymer microarrays 
were post fixed with 2 ml of an aqueous solution of osmium tetroxide (1% w/v) for 1 
hour at room temperature. Microarrays were dehydrated stepwise with ethanol (50, 
70, 90 and 100% v/v), critical point dried in CO2 (Critical Point Drier, Polaron) and 
gold coated by sputtering (Edwards S150B Sputter coater). The samples were 
examined with a Philips XL30CP Scanning Electron Microscope.  
6.2.8 Scale-up 
Polymers (PA155 and PA325) were spin-coated onto grided glass coverslips (CELL-
VU DRM 800) as described in section 6.1.5. Each coated (PA155 and PA325) or 
uncoated (glass as control) coverslip was incubated with 1 ml of S. Typhimurium (2 
× 108 CFU ml-1) overnight. Uncoated and coated coverslips were washed twice with 
1ml of 0.1 M cacodylate buffer (pH 7.4) and fixed with 1 ml of glutaraldehyde 
solution (2.5% w/v in 0.1 M cacodylate buffer, pH 7.4) for 2 hours and then post 
fixed with 800 µl of an aqueous solution of osmium tetroxide (1% w/v) for 1 hour. 
Coverslips were dehydrated, dried, gold coated as described in section 6.2.7, and 
imaged by SEM. SEM images were transferred into Image-Pro Plus 4.5 software 
(©2001 Media Cybernetics) for processing. The numbers of bacteria in randomly 
selected sub-squares (four identical areas with 10 µm sides for each coverslip) were 
counted automatically125 (Figure 6.3). Reproducibility was determined by calculating 











Figure 6.3 Automated counting of S. Typhimurium binding. In this example, the number of 
S. Typhimurium on one single square of the uncoated coverslip (control) was counted. S. 
















6.3 Experimental for Chapter 3 
6.3.1 Polymer Microarray Preparation 
Polymer microarrays were prepared as described in section 6.1.4. The initial 
microarrays contained 1524 polymer spots (quadruplicates of 381 polymers, 
including 207 polyacrylates and 174 polyurethanes), and were fabricated in a 32 × 48 
pattern with a pitch distance of 560 µm (x-axis) and 750 µm (y-axis). 
6.3.2 Culture of Bacteria 
6.3.2.1 Culture of Campylobacter jejuni 
C. jejuni strains (CH4 and NCTC 11168) were kindly provided by Dr. Bruce Ward in 
the School of Biological Sciences, University of Edinburgh. C. jejuni strains were 
grown in Brucella broth, supplemented with Campylobacter growth supplement 
(FBP) consisting of iron (II) sulphate (0.15 mg ml-1), sodium pyruvate (0.15 mg ml-1) 
and sodium metabisulphite (0.15 mg ml-1), vancomycin (2500 units L-1) and 
trimethoprim (5 mg L-1). C. jejuni were grown in a micro-aerophilic atmosphere of 
85% Nitrogen, 10% CO2 and 5% O2. 
6.3.2.2 Culture of Clostridium perfringens and Clostridium difficile  
C. perfringens (strain NCTC 8257) and C. difficile (strain NCTC 630) were kindly 
provided by Elena S. Theophilou and Dr. Garry Blakely in the School of Biological 
Sciences, University of Edinburgh, and were grown in brain-heart infusion (BHI) 
with supplements of L-cysteine (0.5 mg L-1), sodium bicarbonate (1 mg L-1) and 
hemin (5 mg L-1) /menadione (0.5 mg L-1) in an  anaerobic environment.  
6.3.2.3 Culture of Streptococcus mutans 






6.3.2.4 Culture of Clinical Cocktail 1  
This consists of Klebsiella pneumoniae (K. pneumoniae), Staphylococcus 
saprophyticus (S. saprophyticus), and Staphylococcus aureus (S. aureus). These 
strains of bacteria had been previously isolated from endotracheal tubes from ICU 
patients, and then genotyped by PCR analysis so that the specific species could be 
identified. The strains were grown in LB broth. 
6.3.2.5 Culture of Clinical Cocktail 2 
This consists of S. mutans, S. aureus, K. pneumonia and Enterococcus faecalis (E. 
faecalis). All strains were grown in brain-heart infusion (BHI) broth in a micro-
aerophilic environment (85% N2, 10% CO2, 5% O2) at 37˚C.  
6.3.3 Bacterial Attachment to the Microarrays 
Each bacterial strain was grown in 5 ml of the appropriate medium (e.g. C. jejuni in 
brucella broth described in section 6.3.2.1), and incubated at 37˚C overnight with 
shaking to a constant density.  
For experiments with a single bacterial strain, 2 ml of each culture was 
collected by centrifugation (6000 rpm for 3 minutes), washed, resuspended in 2 ml of 
fresh medium and diluted with a further 18 ml of fresh medium. 6 ml of this diluted 
bacteria culture was added to each of two polymer microarrays. These were placed in 
a four-well plate (Nunc), so that the microarrays were completely submerged with 
medium. Microarrays were incubated overnight at room temperature. For the 
anaerobic and micro-aerophilic bacterial strains, the four-well plate was placed in a 
gas jar. Overnight cultures of bacteria in clinical cocktail 1 were combined in equal 
amounts and then diluted fourfold with fresh media prior to incubation with the 
polymer microarrays. Bacteria in clinical cocktail 2 were prepared similarly but were 
incubated with microarrays at 37˚C over 5 days, under micro-aerophilic conditions 




After incubation, polymer microarrays were washed gently with 6 ml of PBS 
and stained with 4’,6-diamidino-2-phenylindole (DAPI) (1 µg ml-1 in PBS, 6 ml) for 
20 minutes. Subsequently, the polymer microarray slides were washed three times 
with 6 ml of PBS, rinsed in 6 ml of deionised water, and then dried with a stream of 
air. A GeneFrame and coverslip (1.9 × 6.0 cm, AB-0630) were applied to each slide 
and were sprayed with 1% Virkon disinfectant (w/v, aq). 
6.3.4 Analysis of Bacterial Attachment 
The polymer microarrays were analysed using a LaVision Bioanalyzer 4F/4S scanner 
with a DAPI filter using an exposure time of 30 ms. An automated fluorescent 
microscope (with an X-Y-Z stage running PathfinderTM, IMSTAR) allowed the 
capture of single images for each polymer spot. Brightfield and DAPI-like band 
channels were used for imaging under a 20× objective.  
Bacterial adhesion was evaluated by calculating the average fluorescence 
intensity of the quadruplicate polymer spots after background correction. The 
population standard deviation of the eight spots was also measured (four spots for 
each polymer on the microarray, with two microarrays used for each bacterial strain). 
The mean and standard deviation for sets of four identical polymer features were 
determined, with the reproducibility between two identical microarrays evaluated by 
a student t-test. Polymers with p-values < 0.001 and 6 degrees of freedom were 
considered statistically significant. Raw data of bacteria-polymer binding analysis 
are presented in appendix III. 
6.3.5 Scale-up 
Glass coverslips coated three polyacrylates (PA13, PA338, PA515) and four 
polyurethanes (PU5, PU20, PU83, PU179) were prepared as described in section 
6.1.5.  
Glass coverslips used as negative controls were coated agarose to inhibit 
unspecific cellular adhesion; these were pre-treated with aminosilane to improve 
agarose coating. For aminosilane treatment, clean, dry glass coverslips (13 mm in 
diameter, VWR) were treated with 3-aminopropyltriethoxysilane (APTES) solution 
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(1.5% w/v in acetonitrile) for one hour at room temperature, rinsed in dry acetonitrile 
and acetone, and treated in an oven at 100˚C for 3 hours. Coating with agarose was 
performed by dip-coating these aminosilane-treated coverslips into agarose Type-B 
aqueous solution (1% w/v) at 65˚C, followed by wiping off the coating on the bottom 
side with a clean piece of tissue. The coverslips were dried overnight at room 
temperature in a dust free environment. 
Two mixed bacterial cultures, clinical cocktails 1 and 2, were prepared as 
described in section 6.3.2 and 6.3.3, and applied to the polymer coated, agarose-
coated and uncoated glass coverslip samples. Each coverslip was incubated with 600 
µl of mixed culture in a 24 well plate overnight under micro-aerophilic conditions 
with agitation (30 rpm). Samples were washed twice with 6 ml of 0.1 M cacodylate 
buffer (pH 7.4) and then fixed and visualised as described in section 6.2.8. Starting 
cell numbers were determined by serial dilution for each of the constituent parts of 
the clinical cocktails. Bacterial concentration ranged from 1.4 × 106 to 3 × 108 CFU 
ml-1, depending on the organism. 
Coverslips were analysed using a scanning electron microscopy (Philips 
XL30CP). The average numbers of bacteria attached on the coated/uncoated 











6.4 Experimental for Chapter 4 
6.4.1 Polymer Microarray Printing 
Polymer microarrays were prepared as described in section 6.1.4. The initial polymer 
microarrays contained 1956 polymer spots (triplicate of 652 polymers, including 468 
polyacrylates and 164 polyurethanes) and were fabricated using 32 aQu solid pins 
(k2785, Genetix) in a 36 × 56 pattern with a pitch distance of 500 µm (x-axis) and 
640 µm (y-axis). 
6.4.2 Scanning for Oocyst Interactions 
Cryptosporidium parvum (C. parvum) oocysts (Creative Science, Moredun, UK) 
were diluted in sterilised water to a count of 1.66 × 105 oocysts per ml. When 
required, heat treatment of the samples for 5 minutes at 70˚C was performed, using a 
Trechne Dri-Heat heating block, to obtain non-viable oocysts. Polymer microarrays 
were sterilised by exposure under UV irradiation for 15 minutes and freshly prepared 
6 ml aliquots (1 million oocysts per experiment) were added to a polymer microarray 
in a four-well plate (Nunc). The slides were incubated with oocysts on a plate shaker 
at 20-50 rpm for 3 hours at room temperature. Subsequently, the slides were rinsed 
with sterilised water and then fluorescently stained.  
6.4.3 Fluorescent Staining of C. parvum Oocysts 
The standard C. parvum staining protocol (EPA1623) was adapted for the larger 
array area. After the slide was rinsed and air dried, 1 ml of MeOH was added to the 
slide and allowed to air dry; 2 ml of DAPI (1 µg ml-1 in PBS) was applied to the slide 
for 1 minute followed by a sterilised water rinse; finally, 2 ml of Crypto-a-glo 
(Waterborne Inc, USA) was added to the slide for 2 hours at 37˚C before rinsing in 
sterilised water and being left to air dry. A GeneFrame and coverslip (1.9 × 6.0 cm, 
AB-0630) were then applied to each slide and cleaned with 70% ethanol. Image 
capture of the polymer microarray was performed via a Nikon 50i fluorescence 
microscope (20× objective) with an automated X-Y-Z stage, using the IMSTAR 
PathfinderTM software package (IMSTAR S.A., Paris, France). Oocyst number and 
morphology of each polymer was determined using the automated scanning 
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IMSTAR software. Raw data of oocyst-polymer binding analysis are presented in 
appendix III. 
6.4.4 Polymer Microarray Reproducibility 
Hit polymer microarrays contained a selection of 34 members of the best and worst 
polymers (listed in Table 6.1) and were prepared as described in section 6.1.4. 
Polyurethanes and polyacrylates were printed using 9 aQu solid pins (k2785, 
Genetix), in a 15 × 12 pattern with a pitch distance of 900 µm (x-axis) and 1120 µm 
(y-axis). 6 ml (1.66 × 105 oocysts per ml in sterilised water) viable oocysts or non-
viable oocysts were applied to hit arrays as described in section 6.4.2. The hit array 
slides were fixed and either analysed by fluorescence microscopy using a HCS 
platform with the PathfinderTM software package as described in section 6.4.3 or 
analysed by SEM as described in section 6.2.7. 
 
Table 6.1 Map of hit polymer microarrays. 5 spots of each polymer were fabricated, 
allowing 2 empty areas for controls. 
PA512 PA6 PA1 
PA107 PA528 PA365 
PA2 PA445 PA100 
PU91 PA476 PA167 
Control PA170 PA3 
PA101 PA531 PA395 
PA464 PA5 PA416 
PU230 PA484 PA165 
PA504 PU239 PA4 
PA104 PA539 PA529 
PU223 Control PA113 
PU226 PA480 PA152 







6.4.5 Scale-up Experiment 
Polymers (PA531, PA480, PA6, and PA104, PA504) were spin-coated on glass 
coverslips as described in section 6.1.5. One of each coverslip was incubated with 
600 µl of viable oocysts or non-viable oocysts (1.66 × 105 oocysts per ml in sterilised 
water) in a 24 well plate as described in 6.4.2. The coverslips were then fixed and 
imaged by fluorescence microscopy as described in section 6.4.3 and SEM as 
described in section 6.2.7. 
6.4.6 Atomic Force Microscopy 
Surface roughness of all the 34 hit polymers (listed in Table 6.1) was measured. An 
atomic force microscope (AFM, DimensionV Nanoscope, Veeco) was used to scan 
the polymer surface within a square area with 10 µm sides (Figure 6.4). The scan rate 
ranged from 1.32 Hz to 1.60 Hz, and the height values (Z values) of the surface were 
obtained with a resolution of 512 × 512 in the scanned region. The root mean squares 
(RMS) of all the spots in the hit array were calculated (by averaging over three 9 
µm2 areas) using the NanoScope analysis software (Veeco version 1.20). Root mean 
















Figure 6.4 Surface roughness analysis of PA531 using atomic force microscopy (AFM, 
DimensionV Nanoscope, Veeco). The dotted area (3 × 3 µm by side) was randomly selected 
for calculating the root mean square result using the NanoScope analysis software (Veeco 












6.5 Experimental for Chapter 5 
6.5.1 Polymer Microarray Manufacture 
Polymer microarrays were prepared as described in sections 6.1.4 and 6.4.2. The 
initial array contained 1956 polymer spots (triplicates of 652 polymers, including 
468 polyacrylates and 164 polyurethanes) in a 36 × 56 pattern with a pitch distance 
of 500 µm (x-axis) and 640 µm (y-axis). 
6.5.2 Scanning for Cyst Interactions 
Giardia lamblia (G. lamblia) cysts (Waterborne Inc, USA, Catalog number: P101) 
were diluted in sterilised water to 1.66 × 105 cysts per ml. When required, heat 
treatment of the samples for 5 minutes at 70˚C was performed205, using a Trechne 
Dri-Heat heating block, to obtain non-viable cysts, confirmed by staining with 
propidium iodide (PI, 1 µg ml-1 in sterilised water). Cyst exposure to polymer 
microarrays was as described in section 6.4.2. Subsequently, the slides were rinsed 
with sterilised water and the cysts were fluorescently stained, using an adapted 
version of the standard EPA1623 protocol.  
6.5.3 Fluorescent Staining of Cysts 
The standard G. lamblia staining protocol (EPA1623) was adapted for the larger 
array area. Slides were rinsed with sterilised water, fixed with MeOH and stained 
with DAPI (1 µg ml-1 in PBS) as described in section 6.4.3. Finally, 2 ml of Giardia-
a-glo (Waterborne Inc, USA) was added to slides (25 minutes) before rinsing in 
sterilised water and being left to air dry. Slides were imaged with a Nikon 50i 
fluorescence microscope (20× objective) with an automated X-Y-Z stage, using the 
PathfinderTM software package (IMSTAR S.A., Paris, France) as described in section 
6.4.3. Cyst number and morphology of each polymer was determined using the 
automated scanning IMSTAR software. Raw data of cyst-polymer binding analysis 





6.5.4 Polymer Microarray Reproducibility 
Hit polymer microarrays containing a selection of 34 members of the best and worst 
polymers (listed in Table 6.2) were prepared with the same conditions as described in 
section 6.1.4. Polyurethanes and polyacrylates were printed using 9 aQu solid pins 
(k2785, Genetix), in an 18 × 12 pattern with a pitch distance of 750 µm (x-axis) and 
1120 µm (y-axis). 6 ml of viable or non-viable cysts (1.66 × 105 cysts per ml in 
sterilised water) were applied to hit arrays as described in section 6.5.2. The hit array 
slides were fixed and analysed by fluorescence microscopy via a HCS platform with 
the PathfinderTM software package as described in section 6.5.3. 
 
Table 6.2 Map of hit polymer microarrays. 6 spots of each polymer were fabricated, 
allowing 2 empty areas for controls. 
PA543 PA6 PA1 
PA9 PA527 PA365 
Control PA496 PA100 
PU91 PA5 PA2 
PA536 PA31 PA3 
PA101 PA531 PA356 
PA460 PA537 PA416 
PU230 PA488 PA12 
Control PU239 PA4 
PA104 PA539 PA529 
PU223 PA525 PA32 
PU226 PA480 PA33 
   
 
6.5.5 Surface Roughness 
Surface roughness of all the 34 hit polymers (listed in Table 6.2) was quantified 
using Atomic Force Microscopy (AFM) as described in section 6.4.6. For the 
Giardia lamblia surface roughness measurement, the sample was prepared by 
overnight incubation of G. lamblia cysts on a PA104 coated coverslip (13 mm in 
diameter), followed by fixing in glutaraldehyde solution (2.5% w/v in 0.1 M 
cacodylate buffer, pH 7.4) for 2 hours, rinsing with sterilised water and air drying. 
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The AFM was performed with a contact cantilever in air at a scan rate of 0.788 Hz 




Figure 6.5 Surface roughness analysis of Giardia lamblia using atomic force microscopy 
(AFM, DimensionV Nanoscope, Veeco). The dotted area (2 × 2 µm by side) was randomly 
selected for calculating the root mean square result using the NanoScope analysis software 
(Veeco version 1.20). 
 
6.5.6 Proteinase K Treatment 
G. lamblia (1 million cysts) were incubated at 37˚C on a plate shaker for 3 hours with 
1 ml of an aqueous solution containing 9 mg ml-1 proteinase K, 1 M Tris and 10 mM 
CaCl2. Subsequently, the solution was centrifuged for 5 minutes at 12000 rpm. The 
supernatant was removed, the pellet was washed and resuspended in 1 ml of 
sterilised water and this solution was centrifuged for a further 5 minutes. The 
supernatant was again removed, the pellet was resuspended in 5 ml of sterilised 
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water and the solution was applied to the hit arrays (polymers listed in Table 6.2) 
using the protocol described in section 6.5.2. The proteinase K treated cysts on hit 
arrays were examined, fixed and imaged by fluorescence microscopy as described in 
6.5.3 and analysed by SEM as described in section 6.2.7. 
6.5.7 Influence of pH 
1 M hydrochloric acid and 1 M sodium hydroxide were used to prepare pH 2 and pH 
12 aqueous solutions respectively, and 5.2 ml of the acidified/basified solution was 
added to 800 µl of G. lamblia (1 million cysts in sterilised water) to give a cyst 
concentration of 1.66 × 105 cysts per ml. The pH-influenced cysts were applied to the 
hit arrays (polymers listed in Table 6.2) using the protocol described in section 6.5.2, 
and the hit arrays were washed, fixed and imaged by fluorescence microscopy as 
described in section 6.5.3. 
6.5.8 Scale-up Experiments on Viable/non-viable cysts 
Polymers (PA6, PA32, PA104, PA480 and PA531) were spin-coated on glass 
coverslips as described in section 6.1.5. Each of the coverslips was incubated with 
600 µl of either viable or non-viable G. lamblia (0.833 × 105 cysts per ml in sterilised 
water) in 24 well plates as described in section 6.5.2. The coverslips were washed, 
fixed and imaged by fluorescence microscopy as described in section 6.5.3 and SEM 
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Appendix I: Polyacrylate library 
List of polyacrylates used in this thesis with their corresponding monomers and 
monomer ratio in the synthesis. 
PA Monomer (1) Monomer (2) Monomer (3) or functional amine 
Monomer ratio (%) 
Monomer (1) Monomer (2) Monomer (3) 
1 St DEAA - 90 10 - 
2 St DEAA - 70 30 - 
3 St DEAA - 50 50 - 
4 St DMAA - 90 10 - 
5 St DMAA - 70 30 - 
6 St DMAA - 50 50 - 
7 St NiPAA - 90 10 - 
8 St NiPAA - 70 30 - 
9 St NiPAA - 50 50 - 
10 MMA DEAA - 90 10 - 
11 MMA DEAA - 70 30 - 
12 MMA DEAA - 50 50 - 
13 MMA DMAA - 90 10 - 
14 MMA DMAA - 70 30 - 
15 MMA DMAA - 50 50 - 
16 MMA NiPAA - 90 10 - 
17 MMA NiPAA - 70 30 - 
18 MMA NiPAA - 50 50 - 
19 MEMA DEAA - 90 10 - 
20 MEMA DEAA - 70 30 - 
21 MEMA DEAA - 50 50 - 
22 MEMA DMAA - 90 10 - 
23 MEMA DMAA - 70 30 - 
24 MEMA DMAA - 50 50 - 
25 MEMA NiPAA - 90 10 - 
26 MEMA NiPAA - 70 30 - 
27 MEMA NiPAA - 50 50 - 
28 MEA DEAA - 90 10 - 
29 MEA DEAA - 70 30 - 
30 MEA DEAA - 50 50 - 
31 MEA DMAA - 90 10 - 
32 MEA DMAA - 70 30 - 
33 MEA DMAA - 50 50 - 
34 MEA NiPAA - 90 10 - 
35 MEA NiPAA - 70 30 - 
36 MEA NiPAA - 50 50 - 
37 HEMA DEAA - 90 10 - 
38 HEMA DEAA - 70 30 - 
39 HEMA DEAA - 50 50 - 
40 HEMA DMAA - 90 10 - 
41 HEMA DMAA - 70 30 - 
42 HEMA DMAA - 50 50 - 
43 HEMA NiPAA - 90 10 - 
44 HEMA NiPAA - 70 30 - 
45 HEMA NiPAA - 50 50 - 
46 HPMA DEAA - 90 10 - 
47 HPMA DEAA - 70 30 - 
48 HPMA DEAA - 50 50 - 
49 HPMA DMAA - 90 10 - 
50 HPMA DMAA - 70 30 - 
51 HPMA DMAA - 50 50 - 
52 HPMA NiPAA - 90 10 - 
53 HPMA NiPAA - 70 30 - 
54 HPMA NiPAA - 50 50 - 
55 HBMA DEAA - 90 10 - 
56 HBMA DEAA - 70 30 - 
57 HBMA DEAA - 50 50 - 
58 HBMA DMAA - 90 10 - 
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PA Monomer (1) Monomer (2) Monomer (3) or functional amine 
Monomer ratio (%) 
Monomer (1) Monomer (2) Monomer (3) 
59 HBMA DMAA - 70 30 - 
60 HBMA DMAA - 50 50 - 
61 HBMA NiPAA - 90 10 - 
62 HBMA NiPAA - 70 30 - 
63 HBMA NiPAA - 50 50 - 
96 MEMA DEAEMA - 90 10 - 
97 MEMA DEAEMA - 70 30 - 
98 MEMA DEAEMA - 50 50 - 
99 MEMA DMAEMA - 90 10 - 
100 MEMA DMAEMA - 70 30 - 
101 MEMA DMAEMA - 50 50 - 
102 MEMA DEAEA - 90 10 - 
103 MEMA DEAEA - 70 30 - 
104 MEMA DEAEA - 50 50 - 
105 MEMA DMAEA - 90 10 - 
106 MEMA DMAEA - 70 30 - 
107 MEMA DMAEA - 50 50 - 
108 MEMA MTEMA - 90 10 - 
109 MEMA MTEMA - 70 30 - 
110 MEMA MTEMA - 50 50 - 
111 MEMA BAEMA - 90 10 - 
112 MEMA BAEMA - 70 30 - 
113 MEMA BAEMA - 50 50 - 
114 MEMA DMAPMAA - 90 10 - 
115 MEMA DMAPMAA - 70 30 - 
116 MEMA DMAPMAA - 50 50 - 
117 MEMA BACOEA - 90 10 - 
118 MEMA BACOEA - 70 30 - 
119 MEMA BACOEA - 50 50 - 
120 MEMA DMVBA - 90 10 - 
121 MEMA DMVBA - 70 30 - 
122 MEMA DMVBA - 50 50 - 
123 MEMA VAA - 90 10 - 
124 MEMA VAA - 70 30 - 
125 MEMA VAA - 50 50 - 
126 MEMA VI - 90 10 - 
127 MEMA VI - 70 30 - 
128 MEMA VI - 50 50 - 
129 MEMA VPNO - 90 10 - 
130 MEMA VPNO - 70 30 - 
131 MEMA VPNO - 50 50 - 
132 MEMA VP-4 - 90 10 - 
133 MEMA VP-4 - 70 30 - 
134 MEMA VP-4 - 50 50 - 
135 MEMA VP-2 - 90 10 - 
136 MEMA VP-2 - 70 30 - 
137 MEMA VP-2 - 50 50 - 
138 MEMA DAAA - 90 10 - 
139 MEMA DAAA - 70 30 - 
140 MEMA DAAA - 50 50 - 
141 MEMA MNPMA - 90 10 - 
142 MEMA MNPMA - 70 30 - 
143 MEMA MNPMA - 50 50 - 
150 HEMA DEAEMA - 90 10 - 
152 HEMA DEAEMA - 50 50 - 
153 HEMA DMAEMA - 90 10 - 
154 HEMA DMAEMA - 70 30 - 
155 HEMA DMAEMA - 50 50 - 
156 HEMA DEAEA - 90 10 - 
157 HEMA DEAEA - 70 30 - 
158 HEMA DEAEA - 50 50 - 
159 HEMA DMAEA - 90 10 - 
160 HEMA DMAEA - 70 30 - 
161 HEMA DMAEA - 50 50 - 
162 HEMA MTEMA - 90 10 - 
163 HEMA MTEMA - 70 30 - 
164 HEMA MTEMA - 50 50 - 
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PA Monomer (1) Monomer (2) Monomer (3) or functional amine 
Monomer ratio (%) 
Monomer (1) Monomer (2) Monomer (3) 
165 HEMA BAEMA - 90 10 - 
167 HEMA BAEMA - 50 50 - 
168 HEMA DMAPMAA - 90 10 - 
169 HEMA DMAPMAA - 70 30 - 
170 HEMA DMAPMAA - 50 50 - 
171 HEMA BACOEA - 90 10 - 
172 HEMA BACOEA - 70 30 - 
173 HEMA BACOEA - 50 50 - 
174 HEMA DMVBA - 90 10 - 
175 HEMA DMVBA - 70 30 - 
176 HEMA DMVBA - 50 50 - 
177 HEMA VAA - 90 10 - 
178 HEMA VAA - 70 30 - 
179 HEMA VAA - 50 50 - 
180 HEMA VI - 90 10 - 
181 HEMA VI - 70 30 - 
182 HEMA VI - 50 50 - 
183 HEMA VPNO - 90 10 - 
184 HEMA VPNO - 70 30 - 
185 HEMA VPNO - 50 50 - 
186 HEMA VP-4 - 90 10 - 
187 HEMA VP-4 - 70 30 - 
188 HEMA VP-4 - 50 50 - 
189 HEMA VP-2 - 90 10 - 
190 HEMA VP-2 - 70 30 - 
191 HEMA VP-2 - 50 50 - 
192 HEMA DAAA - 90 10 - 
193 HEMA DAAA - 70 30 - 
194 HEMA DAAA - 50 50 - 
195 HEMA MNPMA - 90 10 - 
196 HEMA MNPMA - 70 30 - 
197 HEMA MNPMA - 50 50 - 
198 MMA A-H - 90 10 - 
199 MMA A-H - 70 30 - 
200 MMA A-H - 50 50 - 
201 MMA AES-H - 90 10 - 
202 MMA AES-H - 70 30 - 
203 MMA AES-H - 50 50 - 
204 MMA MA-H - 90 10 - 
205 MMA MA-H - 70 30 - 
206 MMA MA-H - 50 50 - 
207 MMA AAG-H - 90 10 - 
208 MMA AAG-H - 70 30 - 
209 MMA AAG-H - 50 50 - 
210 MMA EGMP-H - 90 10 - 
213 MEMA A-H - 90 10 - 
214 MEMA A-H - 70 30 - 
215 MEMA A-H - 50 50 - 
216 MEMA AES-H - 90 10 - 
218 MEMA AES-H - 50 50 - 
219 MEMA MA-H - 90 10 - 
220 MEMA MA-H - 70 30 - 
221 MEMA MA-H - 50 50 - 
222 MEMA AAG-H - 90 10 - 
223 MEMA AAG-H - 70 30 - 
224 MEMA AAG-H - 50 50 - 
225 MEMA EGMP-H - 90 10 - 
226 MEMA EGMP-H - 70 30 - 
227 MEMA EGMP-H - 50 50 - 
228 MMA A-H DEAEMA 70 20 10 
229 MMA A-H DEAEMA 70 15 15 
230 MMA A-H DEAEMA 70 10 20 
231 MMA A-H DEAEA 70 20 10 
232 MMA A-H DEAEA 70 15 15 
233 MMA A-H DEAEA 70 10 20 
234 MMA MA-H DEAEMA 70 20 10 
235 MMA MA-H DEAEMA 70 15 15 
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PA Monomer (1) Monomer (2) Monomer (3) or functional amine 
Monomer ratio (%) 
Monomer (1) Monomer (2) Monomer (3) 
236 MMA MA-H DEAEMA 70 10 20 
237 MMA MA-H DEAEA 70 20 10 
238 MMA MA-H DEAEA 70 15 15 
240 MEMA A-H DEAEMA 70 20 10 
241 MEMA A-H DEAEMA 70 15 15 
242 MEMA A-H DEAEMA 70 10 20 
243 MEMA A-H DEAEA 70 20 10 
244 MEMA A-H DEAEA 70 15 15 
245 MEMA A-H DEAEA 70 10 20 
246 MEMA MA-H DEAEMA 70 20 10 
247 MEMA MA-H DEAEMA 70 15 15 
248 MEMA MA-H DEAEMA 70 10 20 
249 MEMA MA-H DEAEA 70 20 10 
250 MEMA MA-H DEAEA 70 15 15 
251 MEMA MA-H DEAEA 70 10 20 
252 MEMA GMA - 90 10 - 
253 MEMA GMA - 70 30 - 
254 MEMA GMA - 50 50 - 
255 MEMA GMA DnBA 90 10 - 
256 MEMA GMA DnBA 70 30 - 
257 MEMA GMA DnBA 50 50 - 
258 MEMA GMA DnHA 90 10 - 
259 MEMA GMA DnHA 70 30 - 
260 MEMA GMA DnHA 50 50 - 
261 MEMA GMA DcHA 90 10 - 
262 MEMA GMA DcHA 70 30 - 
264 MEMA GMA DBnA 90 10 - 
265 MEMA GMA DBnA 70 30 - 
266 MEMA GMA DBnA 50 50 - 
267 MEMA GMA MnHA 90 10 - 
268 MEMA GMA MnHA 70 30 - 
270 MEMA GMA cHMA 90 10 - 
271 MEMA GMA cHMA 70 30 - 
273 MEMA GMA BnMA 90 10 - 
274 MEMA GMA BnMA 70 30 - 
276 MEMA GMA MAEPy 90 10 - 
277 MEMA GMA MAEPy 70 30 - 
279 MEMA GMA Pyrle 90 10 - 
280 MEMA GMA Pyrle 70 30 - 
281 MEMA GMA Pyrle 50 50 - 
285 MEMA GMA MAn 90 10 - 
291 MEMA GMA DEMEDA 90 10 - 
296 MEMA GMA TMPDA 50 50 - 
303 MMA GMA - 90 10 - 
304 MMA GMA - 70 30 - 
305 MMA GMA - 50 50 - 
306 MMA GMA DnBA 90 10 - 
307 MMA GMA DnBA 70 30 - 
309 MMA GMA DnHA 90 10 - 
313 MMA GMA DcHA 70 30 - 
315 MMA GMA DBnA 90 10 - 
316 MMA GMA DBnA 70 30 - 
317 MMA GMA DBnA 50 50 - 
318 MMA GMA MnHA 90 10 - 
319 MMA GMA MnHA 70 30 - 
320 MMA GMA MnHA 50 50 - 
321 MMA GMA cHMA 90 10 - 
322 MMA GMA cHMA 70 30 - 
323 MMA GMA cHMA 50 50 - 
324 MMA GMA BnMA 90 10 - 
325 MMA GMA BnMA 70 30 - 
326 MMA GMA BnMA 50 50 - 
327 MMA GMA MAEPy 90 10 - 
329 MMA GMA MAEPy 50 50 - 
330 MMA GMA Pyrle 90 10 - 
331 MMA GMA Pyrle 70 30 - 
332 MMA GMA Pyrle 50 50 - 
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PA Monomer (1) Monomer (2) Monomer (3) or functional amine 
Monomer ratio (%) 
Monomer (1) Monomer (2) Monomer (3) 
335 MMA GMA 2-MAPy 50 50 - 
336 MMA GMA MAn 90 10 - 
337 MMA GMA MAn 70 30 - 
338 MMA GMA MAn 50 50 - 
339 MMA GMA TMEDA 90 10 - 
340 MMA GMA TMEDA 70 30 - 
341 MMA GMA TMEDA 50 50 - 
342 MMA GMA DEMEDA 90 10 - 
345 MMA GMA TMPDA 90 10 - 
346 MMA GMA TMPDA 70 30 - 
348 MMA GMA Mpi 90 10 - 
349 MMA GMA Mpi 70 30 - 
354 MMA DEAEMA - 90 10 - 
355 MMA DEAEMA - 70 30 - 
356 MMA DEAEMA - 50 50 - 
357 MMA DMAEMA - 90 10 - 
358 MMA DMAEMA - 70 30 - 
359 MMA DMAEMA - 50 50 - 
360 MMA DEAEA - 90 10 - 
361 MMA DEAEA - 70 30 - 
363 MMA DMAEA - 90 10 - 
364 MMA DMAEA - 70 30 - 
365 MMA DMAEA - 50 50 - 
366 HPMA DEAEMA - 90 10 - 
367 HPMA DEAEMA - 70 30 - 
368 HPMA DEAEMA - 50 50 - 
369 HPMA DMAEMA - 90 10 - 
370 HPMA DMAEMA - 70 30 - 
371 HPMA DMAEMA - 50 50 - 
372 HPMA DEAEA - 90 10 - 
373 HPMA DEAEA - 70 30 - 
374 HPMA DEAEA - 50 50 - 
375 HPMA DMAEA - 90 10 - 
376 HPMA DMAEA - 70 30 - 
377 HPMA DMAEA - 50 50 - 
378 HBMA DEAEMA - 90 10 - 
381 HBMA DMAEMA - 90 10 - 
384 HBMA DEAEA - 90 10 - 
385 HBMA DEAEA - 70 30 - 
386 HBMA DEAEA - 50 50 - 
387 HBMA DMAEA - 90 10 - 
388 HBMA DMAEA - 70 30 - 
389 HBMA DMAEA - 50 50 - 
390 EMA DEAEMA - 90 10 - 
391 EMA DEAEMA - 70 30 - 
392 EMA DEAEMA - 50 50 - 
393 EMA DMAEMA - 90 10 - 
394 EMA DMAEMA - 70 30 - 
395 EMA DMAEMA - 50 50 - 
396 EMA DEAEA - 90 10 - 
397 EMA DEAEA - 70 30 - 
398 EMA DEAEA - 50 50 - 
399 EMA DMAEA - 90 10 - 
400 EMA DMAEA - 70 30 - 
401 EMA DMAEA - 50 50 - 
402 BMA DEAEMA - 90 10 - 
403 BMA DEAEMA - 70 30 - 
404 BMA DEAEMA - 50 50 - 
405 BMA DMAEMA - 90 10 - 
406 BMA DMAEMA - 70 30 - 
407 BMA DMAEMA - 50 50 - 
408 BMA DEAEA - 90 10 - 
410 BMA DEAEA - 50 50 - 
411 BMA DMAEA - 90 10 - 
412 BMA DMAEA - 70 30 - 
413 BMA DMAEA - 50 50 - 
414 MEMA DEAEMA MA 40 30 30 
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PA Monomer (1) Monomer (2) Monomer (3) or functional amine 
Monomer ratio (%) 
Monomer (1) Monomer (2) Monomer (3) 
415 MEMA DEAEMA MA 60 10 30 
416 MEMA DEAEMA MA 60 30 10 
417 MEMA DEAEMA MA 80 10 10 
418 MEMA DEAEA MA 40 30 30 
419 MEMA DEAEA MA 60 10 30 
420 MEMA DEAEA MA 60 30 10 
421 MEMA DEAEA MA 80 10 10 
422 MEMA DEAEMA BMA 40 30 30 
423 MEMA DEAEMA BMA 60 10 30 
424 MEMA DEAEMA BMA 60 30 10 
425 MEMA DEAEMA BMA 80 10 10 
426 MEMA DEAEA BMA 40 30 30 
427 MEMA DEAEA BMA 60 10 30 
428 MEMA DEAEA BMA 60 30 10 
429 MEMA DEAEA BMA 80 10 10 
430 MEMA DEAEMA MEA 40 30 30 
431 MEMA DEAEMA MEA 60 10 30 
432 MEMA DEAEMA MEA 60 30 10 
433 MEMA DEAEMA MEA 80 10 10 
434 MEMA DEAEA MEA 40 30 30 
435 MEMA DEAEA MEA 60 10 30 
436 MEMA DEAEA MEA 60 30 10 
437 MEMA DEAEA MEA 80 10 10 
442 MEMA DEAEA DEGMEMA 40 30 30 
443 MEMA DEAEA DEGMEMA 60 10 30 
444 MEMA DEAEA DEGMEMA 60 30 10 
445 MEMA DEAEA DEGMEMA 80 10 10 
446 MEMA DEAEMA THFFA 40 30 30 
447 MEMA DEAEMA THFFA 60 10 30 
448 MEMA DEAEMA THFFA 60 30 10 
449 MEMA DEAEMA THFFA 80 10 10 
450 MEMA DEAEA THFFA 40 30 30 
451 MEMA DEAEA THFFA 60 10 30 
452 MEMA DEAEA THFFA 60 30 10 
453 MEMA DEAEA THFFA 80 10 10 
454 MEMA DEAEMA THFFMA 40 30 30 
455 MEMA DEAEMA THFFMA 60 10 30 
457 MEMA DEAEMA THFFMA 80 10 10 
458 MEMA DEAEA THFFMA 40 30 30 
459 MEMA DEAEA THFFMA 60 10 30 
460 MEMA DEAEA THFFMA 60 30 10 
461 MEMA DEAEA THFFMA 80 10 10 
462 MEMA DEAEMA HEA 40 30 30 
463 MEMA DEAEMA HEA 60 10 30 
464 MEMA DEAEMA HEA 60 30 10 
465 MEMA DEAEMA HEA 80 10 10 
467 MEMA DEAEA HEA 60 10 30 
468 MEMA DEAEA HEA 60 30 10 
469 MEMA DEAEA HEA 80 10 10 
470 MEMA DEAEMA HEMA 40 30 30 
474 MEMA DEAEA HEMA 40 30 30 
475 MEMA DEAEA HEMA 60 10 30 
476 MEMA DEAEA HEMA 60 30 10 
477 MEMA DEAEA HEMA 80 10 10 
478 MEMA DEAEMA A-H 40 30 30 
480 MEMA DEAEMA A-H 60 30 10 
481 MEMA DEAEMA A-H 80 10 10 
482 MEMA DEAEA A-H 40 30 30 
483 MEMA DEAEA A-H 60 10 30 
484 MEMA DEAEA A-H 60 30 10 
485 MEMA DEAEA A-H 80 10 10 
486 MEMA DEAEMA MA-H 40 30 30 
488 MEMA DEAEMA MA-H 60 30 10 
489 MEMA DEAEMA MA-H 80 10 10 
490 MEMA DEAEA MA-H 40 30 30 
491 MEMA DEAEA MA-H 60 10 30 
492 MEMA DEAEA MA-H 60 30 10 
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PA Monomer (1) Monomer (2) Monomer (3) or functional amine 
Monomer ratio (%) 
Monomer (1) Monomer (2) Monomer (3) 
493 MEMA DEAEA MA-H 80 10 10 
494 MEMA DEAEMA DMAA 40 30 30 
495 MEMA DEAEMA DMAA 60 10 30 
496 MEMA DEAEMA DMAA 60 30 10 
497 MEMA DEAEMA DMAA 80 10 10 
498 MEMA DEAEA DMAA 40 30 30 
499 MEMA DEAEA DMAA 60 10 30 
500 MEMA DEAEA DMAA 60 30 10 
501 MEMA DEAEA DMAA 80 10 10 
502 MEMA DEAEMA DAAA 40 30 30 
504 MEMA DEAEMA DAAA 60 30 10 
507 MEMA DEAEA DAAA 60 10 30 
508 MEMA DEAEA DAAA 60 30 10 
509 MEMA DEAEA DAAA 80 10 10 
510 MEMA DEAEMA MMA 40 30 30 
511 MEMA DEAEMA MMA 60 10 30 
512 MEMA DEAEMA MMA 60 30 10 
513 MEMA DEAEMA MMA 80 10 10 
514 MEMA DEAEA MMA 40 30 30 
515 MEMA DEAEA MMA 60 10 30 
517 MEMA DEAEA MMA 80 10 10 
518 MEMA DEAEMA St 40 30 30 
519 MEMA DEAEMA St 60 10 30 
520 MEMA DEAEMA St 60 30 10 
522 MEMA DEAEA St 40 30 30 
523 MEMA DEAEA St 60 10 30 
524 MEMA DEAEA St 60 30 10 
525 MEMA DEAEMA - 85 15 - 
526 MEMA DEAEMA - 80 20 - 
527 MEMA DEAEMA - 75 25 - 
528 MEMA DEAEMA - 70 30 - 
529 MEMA DEAEMA - 65 35 - 
530 MEMA DEAEMA - 60 40 - 
531 MEMA DEAEMA - 55 45 - 
532 MEMA A-H DEAEMA 85 5 10 
533 MEMA A-H DEAEMA 80 5 15 
534 MEMA A-H DEAEMA 75 5 20 
535 MEMA A-H DEAEMA 70 5 25 
536 MEMA A-H DEAEMA 65 5 30 
537 MEMA A-H DEAEMA 60 5 35 
538 MEMA A-H DEAEMA 55 5 40 
539 MEMA A-H DEAEMA 50 5 45 
540 MEMA A-H DEAEMA 75 10 15 
541 MEMA A-H DEAEMA 70 10 20 
542 MEMA A-H DEAEMA 65 10 25 
543 MEMA A-H DEAEMA 55 10 35 
544 MEMA A-H DEAEMA 50 10 40 
545 MEMA A-H DEAEMA 65 15 20 
546 MEMA A-H DEAEMA 60 15 25 
547 MEMA A-H DEAEMA 55 15 30 
548 MEMA A-H DEAEMA 50 15 35 
549 MEMA A-H DEAEMA 55 20 25 
550 MEMA A-H DEAEMA 50 20 30 
551 MEMA A-H DEAEMA 90 5 5 
552 MEMA A-H DEAEMA 80 15 5 
553 MEMA A-H DEAEMA 70 25 5 
554 MEMA A-H DEAEMA 60 35 5 
555 MEMA A-H DEAEMA 50 45 5 
556 MEMA A-H DEAEMA 50 40 10 
557 MEMA A-H DEAEMA 60 25 15 
558 MEMA A-H DEAEMA 50 35 15 
559 MEMA A-H DEAEMA 60 20 20 
560 MEMA A-H DEAEMA 50 30 20 
561 MEMA A-H DEAEMA 50 25 25 
563/pg1 MEMA A-H DEAEA 85 5 10 
564/pg2 MEMA A-H DEAEA 80 5 15 
565/pg3 MEMA A-H DEAEA 75 5 20 
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PA Monomer (1) Monomer (2) Monomer (3) or functional amine 
Monomer ratio (%) 
Monomer (1) Monomer (2) Monomer (3) 
pg4 MEMA A-H DEAEA 70 5 25 
pg5 MEMA A-H DEAEA 65 5 30 
pg6 MEMA A-H DEAEA 60 5 35 
pg7 MEMA A-H DEAEA 55 5 40 
pg8 MEMA A-H DEAEA 50 5 45 
pg9 MEMA A-H DEAEA 75 10 15 
pg10 MEMA A-H DEAEA 70 10 20 
pg11 MEMA A-H DEAEA 65 10 25 
pg12 MEMA A-H DEAEA 55 10 35 
pg13 MEMA A-H DEAEA 50 10 40 
pg14 MEMA A-H DEAEA 65 15 20 
pg15 MEMA A-H DEAEA 60 15 25 
pg16 MEMA A-H DEAEA 55 15 30 
pg17 MEMA A-H DEAEA 50 15 35 





Appendix II: Polyurethane library 
List of polyurethanes used in this thesis with their corresponding monomers and 
monomer ratio in the synthesis. 
PU Diol  Mn (Da) Disocyanate Chain extender  Monomer ratio (%) Diol Diisocyanate Extender 
1 PEG 2000 HDI - 48.5 51.5 0 
2 PEG 900 HDI - 48.5 51.5 0 
3 PEG 400 HDI - 48.5 51.5 0 
4 PPG 2000 HDI - 48.5 51.5 0 
5 PTMG 2000 HDI - 48.5 51.5 0 
6 PEG 2000 BICH - 48.5 51.5 0 
7 PEG 900 BICH - 48.5 51.5 0 
8 PEG 400 BICH - 48.5 51.5 0 
10 PTMG 2000 BICH - 48.5 51.5 0 
11 PEG 2000 TDI - 48.5 51.5 0 
12 PEG 900 TDI - 48.5 51.5 0 
13 PEG 400 TDI - 48.5 51.5 0 
14 PPG 2000 TDI - 48.5 51.5 0 
15 PTMG 2000 TDI - 48.5 51.5 0 
16 PEG 2000 MDI - 48.5 51.5 0 
17 PEG 900 MDI - 48.5 51.5 0 
18 PEG 400 MDI - 48.5 51.5 0 
19 PPG 2000 MDI - 48.5 51.5 0 
20 PTMG 2000 MDI - 48.5 51.5 0 
21 PEG 2000 PDI - 48.5 51.5 0 
22 PEG 900 PDI - 48.5 51.5 0 
23 PEG 400 PDI - 48.5 51.5 0 
24 PPG 2000 PDI - 48.5 51.5 0 
25 PTMG 2000 PDI - 48.5 51.5 0 
26 PEG 2000 HMDI - 48.5 51.5 0 
27 PEG 900 HMDI - 48.5 51.5 0 
28 PEG 400 HMDI - 48.5 51.5 0 
29 PPG 2000 HMDI - 48.5 51.5 0 
33 PEG 900 HDI BD 0.25 0.52 0.23 
35 PEG 400 HDI BD 0.25 0.52 0.23 
37 PPG 2000 HDI BD 0.25 0.52 0.23 
39 PTMG 2000 HDI BD 0.25 0.52 0.23 
41 PEG 2000 BICH BD 0.25 0.52 0.23 
46 PEG 400 BICH ED 0.25 0.52 0.23 
48 PPG 2000 BICH ED 0.25 0.52 0.23 
49 PTMG 2000 BICH BD 0.25 0.52 0.23 
53 PEG 900 TDI BD 0.25 0.52 0.23 
61 PEG 2000 MDI BD 0.25 0.52 0.23 
63 PEG 900 MDI BD 0.25 0.52 0.23 
65 PEG 400 MDI BD 0.25 0.52 0.23 
67 PPG 2000 MDI BD 0.25 0.52 0.23 
69 PTMG 2000 MDI BD 0.25 0.52 0.23 
71 PEG 2000 PDI BD 0.25 0.52 0.23 
73 PEG 900 PDI BD 0.25 0.52 0.23 
77 PPG 2000 PDI BD 0.25 0.52 0.23 
79 PTMG 2000 PDI BD 0.25 0.52 0.23 
81 PEG 2000 HMDI BD 0.25 0.52 0.23 
83 PEG 900 HMDI BD 0.25 0.52 0.23 
85 PEG 400 HMDI BD 0.25 0.52 0.23 
87 PPG 2000 HMDI BD 0.25 0.52 0.23 
89 PTMG 2000 HMDI BD 0.25 0.52 0.23 
39DE PTMG 2000 HDI DEAPD 0.25 0.52 0.23 
49DE PTMG 2000 BICH DEAPD 0.25 0.52 0.23 
91 PTMG 650 HDI BD 0.485 0.515 0 
92 PTMG 1000 HDI BD 0.485 0.515 0 
93 PTMG 650 BICH BD 0.485 0.515 0 
94 PTMG 1000 BICH BD 0.485 0.515 0 
95 PTMG 650 MDI BD 0.485 0.515 0 
96 PTMG 1000 MDI BD 0.485 0.515 0 
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PU Diol  Mn (Da) Disocyanate Chain extender  Monomer ratio (%) Diol Diisocyanate Extender 
97 PHNGAD 1800 BICH DMAPD 0.25 0.52 0.23 
98 PHNGAD 1800 BICH DEAPD 0.25 0.52 0.23 
99 PTMG 650 HDI DMAPD 0.25 0.52 0.23 
100 PTMG 1000 HDI DMAPD 0.25 0.52 0.23 
101 PTMG 650 BICH DMAPD 0.25 0.52 0.23 
102 PTMG 1000 BICH DMAPD 0.25 0.52 0.23 
103 PHNGAD 1800 MDI DMAPD 0.25 0.52 0.23 
104 PHNGAD 1800 MDI DEAPD 0.25 0.52 0.23 
105 PHNGAD 1800 HDI DMAPD 0.25 0.52 0.23 
106 PHNGAD 1800 HDI DEAPD 0.25 0.52 0.23 
107 PTMG 650 HDI DEAPD 0.25 0.52 0.23 
108 PTMG 1000 HDI DEAPD 0.25 0.52 0.23 
110 PTMG 1000 BICH DEAPD 0.25 0.52 0.23 
111 PTMG 650 MDI DEAPD 0.25 0.52 0.23 
112 PTMG 1000 MDI DEAPD 0.25 0.52 0.23 
114 PPG 425 HDI BD 0.485 0.515 0 
115 PPG 1000 HDI BD 0.485 0.515 0 
116 PPG 425 BICH BD 0.485 0.515 0 
117 PPG 1000 BICH BD 0.485 0.515 0 
118 PPG 425 MDI DMAPD 0.25 0.52 0.23 
119 PPG 1000 MDI DMAPD 0.25 0.52 0.23 
120 PPG 425 BICH DEAPD 0.25 0.52 0.23 
121 PPG 1000 BICH DEAPD 0.25 0.52 0.23 
122 PPG 2000 BICH DEAPD 0.25 0.52 0.23 
123 PPG 2000 MDI DMAPD 0.25 0.52 0.23 
124 PPG 2000 TDI DMAPD 0.25 0.52 0.23 
125 PPG 1000 TDI DMAPD 0.25 0.52 0.23 
126 PPG 425 TDI DMAPD 0.25 0.52 0.23 
127 PPG 1000 BICH DMAPD 0.25 0.52 0.23 
128 PPG 2000 BICH DMAPD 0.25 0.52 0.23 
129 PPG 425 BICH DMAPD 0.25 0.52 0.23 
130 PTMG 650 TDI DMAPD 0.25 0.52 0.23 
131 PTMG 1000 TDI DMAPD 0.25 0.52 0.23 
132 PHNGAD 1800 BICH BD 0.25 0.52 0.23 
133 PHNGAD 1800 HDI BD 0.25 0.52 0.23 
134 PHNGAD 1800 MDI BD 0.25 0.52 0.23 
135 PTMG 250 BICH DMAPD 0.25 0.52 0.23 
136 PTMG 250 BICH DEAPD 0.25 0.52 0.23 
137 PTMG 250 BICH BD 0.25 0.52 0.23 
138 PTMG 250 BICH EG 0.25 0.52 0.23 
139 PTMG 650 BICH EG 0.25 0.52 0.23 
140 PTMG 1000 BICH EG 0.25 0.52 0.23 
141 PTMG 2000 BICH EG 0.25 0.52 0.23 
142 PTMG 250 BICH PG 0.25 0.52 0.23 
143 PTMG 650 BICH PG 0.25 0.52 0.23 
144 PTMG 1000 BICH PG 0.25 0.52 0.23 
145 PTMG 2000 BICH PG 0.25 0.52 0.23 
146 PTMG 250 HDI DMAPD 0.25 0.52 0.23 
147 PTMG 250 HDI DEAPD 0.25 0.52 0.23 
148 PTMG 250 HDI BD 0.25 0.52 0.23 
149 PTMG 250 HDI EG 0.25 0.52 0.23 
150 PTMG 650 HDI EG 0.25 0.52 0.23 
151 PTMG 1000 HDI EG 0.25 0.52 0.23 
152 PTMG 2000 HDI EG 0.25 0.52 0.23 
153 PTMG 250 HDI PG 0.25 0.52 0.23 
154 PTMG 650 HDI PG 0.25 0.52 0.23 
156 PTMG 2000 HDI PG 0.25 0.52 0.23 
157 PTMG 250 MDI DMAPD 0.25 0.52 0.23 
158 PTMG 250 MDI OFHD 0.25 0.52 0.23 
159 PTMG 250 MDI BD 0.25 0.52 0.23 
161 PTMG 650 MDI EG 0.25 0.52 0.23 
162 PTMG 1000 MDI EG 0.25 0.52 0.23 
163 PTMG 2000 MDI EG 0.25 0.52 0.23 
164 PTMG 250 MDI PG 0.25 0.52 0.23 
165 PTMG 650 MDI PG 0.25 0.52 0.23 
166 PTMG 1000 MDI PG 0.25 0.52 0.23 
167 PTMG 2000 MDI PG 0.25 0.52 0.23 
 
 137 
PU Diol  Mn (Da) Disocyanate Chain extender  Monomer ratio (%) Diol Diisocyanate Extender 
168 PTMG 250 BICH - 48.5 51.5 0 
169 PTMG 650 BICH - 48.5 51.5 0 
170 PTMG 1000 BICH - 48.5 51.5 0 
171 PTMG 250 HDI - 48.5 51.5 0 
172 PTMG 650 HDI - 48.5 51.5 0 
173 PTMG 1000 HDI - 48.5 51.5 0 
174 PTMG 250 MDI - 48.5 51.5 0 
175 PTMG 650 MDI - 48.5 51.5 0 
176 PTMG 1000 MDI - 48.5 51.5 0 
178 PTMG 1000 HDI NMPD 0.25 0.52 0.23 
179 PTMG 2000 HDI NMPD 0.25 0.52 0.23 
180 PTMG 1000 BICH NMPD 0.25 0.52 0.23 
181 PTMG 2000 BICH NMPD 0.25 0.52 0.23 
182 PTMG 650 MDI NMPD 0.25 0.52 0.23 
183 PTMG 1000 MDI NMPD 0.25 0.52 0.23 
184 PTMG 2000 MDI NMPD 0.25 0.52 0.23 
185 PHNAD 900 MDI OFHD 0.17 0.52 0.33 
186 PTMG 650 BICH OFHD 0.25 0.52 0.23 
187 PTMG 1000 BICH OFHD 0.25 0.52 0.23 
188 PTMG 2000 BICH OFHD 0.25 0.52 0.23 
189 PPG 1000 BICH OFHD 0.17 0.52 0.33 
190 PTMG 650 HDI OFHD 0.25 0.52 0.23 
191 PTMG 1000 HDI OFHD 0.25 0.52 0.23 
192 PTMG 2000 HDI OFHD 0.25 0.52 0.23 
194 PTMG 650 MDI OFHD 0.25 0.52 0.23 
195 PTMG 1000 MDI OFHD 0.25 0.52 0.23 
196 PTMG 2000 MDI OFHD 0.25 0.52 0.23 
197 PTMG 650 BICH DHM 0.25 0.52 0.23 
199 PTMG 2000 BICH DHM 0.25 0.52 0.23 
200 PTMG 650 HDI DHM 0.25 0.52 0.23 
201 PTMG 1000 HDI DHM 0.25 0.52 0.23 
202 PTMG 2000 HDI DHM 0.25 0.52 0.23 
203 PTMG 650 MDI DHM 0.25 0.52 0.23 
204 PTMG 1000 MDI DHM 0.25 0.52 0.23 
205 PTMG 2000 MDI DHM 0.25 0.52 0.23 
206 PPG 1000 HDI OFHD 0.25 0.52 0.23 
207 PPG 1000 BICH OFHD 0.25 0.52 0.23 
208 PPG 1000 MDI OFHD 0.25 0.52 0.23 
210 PPG 1000 BICH PG 0.25 0.52 0.23 
212 PHNAD 900 HDI PG 0.25 0.52 0.23 
213 PHNAD 900 BICH PG 0.25 0.52 0.23 
214 PHNAD 900 MDI PG 0.25 0.52 0.23 
215 PHNAD 900 HDI BD 0.25 0.52 0.23 
216 PHNAD 900 BICH BD 0.25 0.52 0.23 
217 PHNAD 900 MDI BD 0.25 0.52 0.23 
218 PHNAD 900 HDI DMAPD 0.25 0.52 0.23 
219 PHNAD 900 BICH DMAPD 0.25 0.52 0.23 
220 PHNAD 900 MDI DMAPD 0.25 0.52 0.23 
221 PHNAD 900 HDI OFHD 0.25 0.52 0.23 
222 PHNAD 900 BICH OFHD 0.25 0.52 0.23 
223 PHNAD 900 MDI OFHD 0.25 0.52 0.23 
224 PHNAD 900 HDI - 48.5 51.5 0 
225 PHNAD 900 BICH - 48.5 51.5 0 
226 PHNAD 900 MDI - 48.5 51.5 0 
227 PPG-PEG 1900 HDI - 48.5 51.5 0 
228 PPG-PEG 1900 BICH - 48.5 51.5 0 
229 PPG-PEG 1900 MDI - 48.5 51.5 0 
230 PPG-PEG 1900 HDI BD 0.25 0.52 0.23 
233 PPG-PEG 1900 HDI OFHD 0.25 0.52 0.23 
234 PPG-PEG 1900 BICH OFHD 0.25 0.52 0.23 
235 PPG-PEG 1900 MDI OFHD 0.25 0.52 0.23 
236 PPG-PEG 1900 HDI PG 0.25 0.52 0.23 
238 PPG-PEG 1900 MDI PG 0.25 0.52 0.23 
239 PPG-PEG 1900 HDI DMAPD 0.25 0.52 0.23 
241 PPG-PEG 1900 MDI DMAPD 0.25 0.52 0.23 
242 PPG-PEG 1900 HDI EG 0.25 0.52 0.23 
244 PPG-PEG 1900 MDI EG 0.25 0.52 0.23 
 
 138 
PU Diol  Mn (Da) Disocyanate Chain extender  Monomer ratio (%) Diol Diisocyanate Extender 
245 PHNGAD 1800 HDI OFHD 0.25 0.52 0.23 
246 PHNGAD 1800 BICH OFHD 0.25 0.52 0.23 
247 PHNGAD 1800 MDI OFHD 0.25 0.52 0.23 
249 PHNGAD 1800 HDI - 48.5 51.5 0 
250 PHNGAD 1800 BICH - 48.5 51.5 0 
252 PHNGAD 1800 HDI DHM 0.25 0.52 0.33 
253 PPG-PEG 1900 MDI DMAPD 0.17 0.52 0.33 
254 PHNGAD 1800 BICH BD 0.17 0.52 0.33 
255 PPG-PEG 1900 MDI BD 0.17 0.52 0.33 
256 PPG 425 MDI - 48.5 51.5 0 
257 PTMG 1000 BICH DMAPD 0.17 0.52 0.33 
259 PTMG 2000 BICH DMAPD 0.17 0.52 0.33 
260 PTMG 2000 BICH OFHD 0.17 0.52 0.33 
263 PTMG 1000 HDI OFHD 0.17 0.52 0.33 
264 PTMG 1000 HDI DMAPD 0.17 0.52 0.33 
269 PPG  2000 MDI DEAPD 0.25 0.52 0.23 
271 PEG 400 MDI DMAPD 0.25 0.52 0.23 
273 PPG 425 MDI DMAPD 0.25 0.52 0.23 
275 PEG 400 MDI - 48.5 51.5 0 
276 PTMG 1000 MDI OFHD 0.17 0.52 0.33 
277 PTMG 2000 MDI OFHD 0.17 0.52 0.33 





Appendix III: Raw Data of Microbe-polymer 
Binding 
Results for E. coli and S. Typhimurium-polyacrylate binding analysis. The 
fluorescence intensities were normalised by dividing the whole set of the highest 
fluorescence value examined per polymer microarray. Mean: Mean normalised 




E. col binding S. Typhimurium binding 
Array 1 Array 2 Array 1 vs Array 2 Array 3 Array 4 Array 3 vs Array 4 
Mean SD Mean SD t-Student AVG Mean SD Mean SD t-Student AVG 
1 0.1 0.0 0.0 0.0 9.8 0.1 0.6 0.0 0.2 0.0 3.5 0.4 
2 0.1 0.0 0.1 0.0 1.3 0.1 0.3 0.1 0.1 0.0 0.1 0.2 
14 0.1 0.0 0.0 0.0 8.8 0.1 0.2 0.1 0.1 0.0 0.6 0.1 
18 0.2 0.0 0.3 0.2 1.6 0.2 0.1 0.0 0.1 0.0 0.8 0.1 
21 0.1 0.0 0.0 0.0 5.2 0.1 0.4 0.1 0.1 0.0 0.7 0.2 
26 0.2 0.0 0.0 0.0 12.8 0.1 0.3 0.1 0.2 0.1 0.6 0.3 
46 0.2 0.0 0.1 0.0 8.7 0.2 0.4 0.0 0.3 0.0 3.5 0.3 
49 0.2 0.0 0.1 0.0 5.4 0.2 0.3 0.1 0.3 0.0 2.8 0.3 
52 0.2 0.1 0.1 0.0 4.9 0.2 0.5 0.0 0.2 0.0 2.1 0.3 
55 0.2 0.0 0.1 0.1 3.9 0.2 0.5 0.1 0.4 0.0 2.1 0.5 
60 0.1 0.0 0.0 0.0 5.3 0.0 0.4 0.0 0.2 0.1 0.6 0.3 
96 0.2 0.0 0.2 0.1 1.2 0.2 0.3 0.1 0.1 0.0 0.7 0.2 
97 0.3 0.0 0.1 0.0 6.9 0.2 0.1 0.1 0.0 0.0 0.4 0.1 
99 0.1 0.0 0.0 0.0 2.4 0.0 0.1 0.0 0.1 0.0 0.9 0.1 
100 0.4 0.1 0.4 0.1 0.1 0.4 0.1 0.0 0.2 0.1 1.0 0.2 
106 0.2 0.0 0.2 0.1 0.9 0.2 0.1 0.0 0.1 0.0 0.9 0.1 
108 0.1 0.0 0.1 0.0 2.6 0.1 0.5 0.0 0.3 0.0 3.4 0.4 
112 0.2 0.0 0.0 0.0 6.5 0.1 0.2 0.0 0.3 0.3 0.6 0.2 
117 0.1 0.0 0.0 0.0 3.6 0.1 0.1 0.0 0.1 0.0 1.0 0.1 
128 0.1 0.0 0.1 0.0 2.7 0.1 0.1 0.0 0.1 0.0 2.2 0.1 
137 0.1 0.0 0.0 0.1 0.2 0.0 0.4 0.0 0.2 0.0 1.2 0.3 
138 0.1 0.0 0.1 0.0 1.3 0.1 0.2 0.0 0.1 0.0 2.1 0.2 
141 0.1 0.0 0.1 0.1 1.0 0.1 0.3 0.0 0.0 0.0 0.2 0.2 
142 0.1 0.0 0.1 0.0 2.2 0.1 0.4 0.1 0.1 0.0 1.1 0.2 
143 0.1 0.0 0.1 0.1 1.1 0.1 0.4 0.0 0.1 0.0 1.4 0.3 
153 0.1 0.0 0.0 0.1 2.8 0.1 0.4 0.0 0.2 0.0 1.3 0.3 
154 0.1 0.0 0.0 0.0 4.2 0.0 0.3 0.1 0.1 0.0 0.5 0.2 
155 0.1 0.0 0.1 0.0 1.7 0.1 0.5 0.0 0.5 0.1 2.2 0.5 
159 0.3 0.0 0.0 0.0 52.8 0.1 0.6 0.1 0.3 0.0 2.0 0.4 
160 0.1 0.0 0.1 0.0 0.2 0.1 0.5 0.0 0.3 0.1 1.3 0.4 
162 0.2 0.0 0.0 0.0 30.8 0.1 0.1 0.0 0.1 0.0 0.9 0.1 
163 0.2 0.0 0.0 0.0 22.4 0.1 0.6 0.1 0.4 0.1 1.1 0.5 
164 0.1 0.0 0.1 0.0 7.5 0.1 0.3 0.0 0.2 0.0 2.1 0.3 
167 0.1 0.0 0.0 0.0 13.3 0.1 0.2 0.1 0.1 0.0 0.9 0.2 
168 0.2 0.0 0.0 0.0 8.3 0.1 0.2 0.1 0.1 0.0 0.8 0.2 
171 0.2 0.0 0.0 0.1 4.7 0.1 0.5 0.1 0.3 0.0 1.4 0.4 
172 0.2 0.0 0.3 0.1 1.6 0.3 0.5 0.1 0.4 0.1 1.8 0.5 
180 0.2 0.0 0.2 0.0 4.4 0.2 0.5 0.0 0.4 0.0 2.5 0.4 
181 0.2 0.0 0.2 0.1 0.1 0.2 0.5 0.1 0.6 0.1 2.1 0.5 
182 0.2 0.0 0.2 0.0 0.9 0.2 0.5 0.1 0.4 0.0 2.2 0.5 
183 0.2 0.0 0.1 0.0 6.4 0.1 0.3 0.0 0.2 0.1 0.7 0.3 
184 0.1 0.0 0.0 0.0 9.4 0.1 0.6 0.3 0.1 0.0 0.1 0.4 
186 0.1 0.0 0.1 0.1 0.6 0.1 0.4 0.0 0.1 0.0 0.5 0.2 
187 0.1 0.0 0.0 0.0 2.9 0.1 0.1 0.0 0.1 0.0 0.6 0.1 
188 0.1 0.0 0.0 0.0 1.7 0.1 0.3 0.0 0.2 0.0 1.3 0.2 
189 0.1 0.0 0.1 0.0 1.5 0.1 0.2 0.0 0.2 0.0 2.1 0.2 
190 0.1 0.0 0.1 0.0 4.5 0.1 0.1 0.0 0.1 0.0 1.3 0.1 
192 0.2 0.0 0.0 0.0 28.9 0.1 0.3 0.0 0.1 0.0 1.3 0.2 
193 0.2 0.0 0.0 0.0 16.2 0.1 0.5 0.0 0.1 0.0 1.7 0.3 
194 0.1 0.0 0.1 0.0 0.2 0.1 0.5 0.1 0.1 0.0 1.0 0.3 
195 0.3 0.0 0.2 0.0 2.8 0.2 0.3 0.0 0.2 0.0 2.8 0.2 






E. col binding S. Typhimurium binding 
Array 1 Array 2 Array 1 vs Array 2 Array 3 Array 4 Array 3 vs Array 4 
Mean SD Mean SD t-Student AVG Mean SD Mean SD t-Student AVG 
197 0.1 0.0 0.4 0.1 9.3 0.3 0.1 0.0 0.1 0.0 1.1 0.1 
199 0.1 0.0 0.1 0.0 1.7 0.1 0.3 0.1 0.1 0.1 0.3 0.2 
201 0.1 0.0 0.1 0.0 3.4 0.1 0.0 0.0 0.1 0.0 1.1 0.1 
214 0.2 0.0 0.1 0.0 29.4 0.1 0.3 0.0 0.3 0.0 2.1 0.3 
215 0.1 0.0 0.1 0.0 11.1 0.1 0.3 0.0 0.2 0.0 1.3 0.3 
216 0.0 0.0 0.1 0.0 1.0 0.1 0.3 0.0 0.3 0.2 0.7 0.3 
218 0.0 0.0 0.1 0.0 4.0 0.1 0.1 0.1 0.2 0.1 0.6 0.2 
228 0.1 0.0 0.1 0.1 0.1 0.1 0.3 0.0 0.2 0.0 1.2 0.3 
229 0.1 0.0 0.0 0.0 6.8 0.1 0.4 0.0 0.1 0.0 0.5 0.2 
230 0.1 0.0 0.0 0.0 8.3 0.0 0.2 0.1 0.1 0.0 0.6 0.1 
231 0.1 0.0 0.0 0.0 5.5 0.0 0.1 0.0 0.2 0.2 0.6 0.1 
232 0.2 0.0 0.1 0.0 8.0 0.1 0.3 0.0 0.2 0.0 2.2 0.3 
233 0.0 0.0 0.0 0.0 2.4 0.0 0.2 0.0 0.2 0.2 0.3 0.2 
234 0.1 0.0 0.0 0.0 2.9 0.0 0.2 0.0 0.1 0.0 1.0 0.2 
235 0.0 0.0 0.0 0.0 4.5 0.0 0.0 0.0 0.0 0.0 0.8 0.0 
236 0.0 0.0 0.0 0.0 0.9 0.0 0.0 0.0 0.0 0.0 0.3 0.0 
242 0.1 0.0 0.0 0.0 8.7 0.0 0.1 0.0 0.1 0.0 0.8 0.1 
251 0.2 0.0 0.0 0.0 9.8 0.1 0.1 0.0 0.1 0.0 0.9 0.1 
255 0.1 0.0 0.1 0.0 1.5 0.1 0.2 0.0 0.1 0.0 0.3 0.2 
258 0.1 0.0 0.1 0.0 1.7 0.1 0.3 0.1 0.1 0.0 0.5 0.2 
264 0.1 0.0 0.1 0.0 0.6 0.1 0.2 0.1 0.1 0.0 0.4 0.1 
267 0.2 0.0 0.1 0.0 7.0 0.1 0.2 0.0 0.1 0.0 1.2 0.1 
273 0.2 0.0 0.0 0.0 5.7 0.1 0.2 0.0 0.1 0.0 1.3 0.1 
279 0.1 0.0 0.1 0.0 0.8 0.1 0.1 0.0 0.1 0.0 0.9 0.1 
280 0.1 0.0 0.1 0.1 1.6 0.1 0.1 0.0 0.1 0.0 0.7 0.1 
281 0.1 0.0 0.0 0.0 6.0 0.1 0.1 0.0 0.1 0.0 0.8 0.1 
285 0.2 0.0 0.1 0.0 3.5 0.1 0.4 0.0 0.2 0.0 1.6 0.3 
291 0.1 0.0 0.1 0.1 1.1 0.1 0.2 0.1 0.1 0.0 0.8 0.2 
296 0.2 0.0 0.8 0.0 25.2 0.5 0.3 0.1 0.4 0.0 2.9 0.4 
306 0.1 0.0 0.1 0.0 0.4 0.1 0.0 0.0 0.0 0.0 0.6 0.0 
307 0.2 0.0 0.1 0.0 6.1 0.1 0.4 0.0 0.1 0.0 1.3 0.2 
309 0.1 0.0 0.2 0.1 2.4 0.2 0.0 0.0 0.1 0.0 0.7 0.1 
313 0.5 0.0 0.4 0.0 4.7 0.4 0.2 0.0 0.2 0.1 0.9 0.2 
316 0.9 0.1 0.6 0.1 3.9 0.8 0.1 0.0 0.1 0.1 0.3 0.1 
317 0.6 0.2 0.6 0.1 0.7 0.6 0.1 0.0 0.1 0.0 0.8 0.1 
318 0.5 0.0 0.3 0.0 4.8 0.4 0.2 0.1 0.1 0.0 0.4 0.1 
321 0.2 0.0 0.2 0.1 1.0 0.2 0.0 0.0 0.0 0.0 0.8 0.0 
322 0.1 0.0 0.2 0.0 2.6 0.2 0.0 0.0 0.0 0.1 0.1 0.0 
323 0.1 0.1 0.2 0.0 4.2 0.2 0.0 0.0 0.0 0.0 0.4 0.0 
324 0.0 0.0 0.0 0.0 2.3 0.0 0.0 0.0 0.1 0.1 0.4 0.0 
325 0.0 0.0 0.3 0.1 6.3 0.2 0.0 0.0 0.0 0.0 0.6 0.0 
326 0.1 0.0 0.1 0.0 0.1 0.1 0.1 0.0 0.0 0.0 0.4 0.0 
327 0.0 0.0 0.2 0.1 3.2 0.1 0.0 0.0 0.0 0.0 0.5 0.0 
329 0.1 0.0 0.3 0.1 8.5 0.2 0.1 0.0 0.0 0.0 0.2 0.1 
330 0.1 0.1 0.6 0.1 9.5 0.4 0.0 0.0 0.0 0.0 1.3 0.0 
331 0.4 0.2 0.7 0.2 2.7 0.6 0.1 0.0 0.0 0.0 0.7 0.0 
332 0.2 0.2 0.4 0.1 2.5 0.3 0.1 0.0 0.1 0.0 1.3 0.1 
336 0.1 0.0 0.3 0.1 6.0 0.2 0.0 0.0 0.0 0.0 0.4 0.0 
337 0.4 0.2 0.6 0.0 2.5 0.5 0.0 0.0 0.0 0.0 1.1 0.0 
338 0.4 0.0 0.6 0.1 5.8 0.5 0.0 0.0 0.0 0.0 0.7 0.0 
339 0.2 0.0 0.2 0.1 1.4 0.2 0.1 0.0 0.1 0.0 0.6 0.1 
340 0.2 0.0 0.2 0.1 0.0 0.2 0.1 0.0 0.1 0.0 2.0 0.1 
341 0.3 0.1 0.2 0.0 2.0 0.2 0.2 0.0 0.1 0.0 0.5 0.1 
345 0.2 0.1 0.3 0.0 0.9 0.3 0.1 0.0 0.2 0.1 1.0 0.2 
346 0.1 0.0 0.2 0.0 8.3 0.1 0.1 0.1 0.1 0.0 0.9 0.1 
348 0.1 0.0 0.2 0.0 6.7 0.2 0.2 0.1 0.1 0.0 0.8 0.1 
349 0.4 0.0 0.4 0.1 0.2 0.4 0.1 0.0 0.1 0.0 0.9 0.1 
357 0.1 0.0 0.1 0.0 3.7 0.1 0.1 0.0 0.0 0.0 0.5 0.1 
358 0.1 0.0 0.0 0.0 7.1 0.1 0.1 0.0 0.1 0.0 0.7 0.1 
360 0.1 0.0 0.2 0.0 3.7 0.1 0.1 0.0 0.1 0.0 1.1 0.1 
361 0.1 0.0 0.2 0.0 5.1 0.2 0.1 0.2 0.1 0.0 0.6 0.1 
363 0.3 0.0 0.2 0.1 1.8 0.2 0.2 0.1 0.1 0.0 1.1 0.1 
364 0.2 0.0 0.3 0.0 0.8 0.2 0.2 0.0 0.2 0.0 2.3 0.2 
369 0.1 0.0 0.0 0.0 7.6 0.1 0.2 0.0 0.0 0.0 0.3 0.1 
372 0.2 0.0 0.0 0.0 23.6 0.1 0.6 0.0 0.3 0.1 1.0 0.4 






E. col binding S. Typhimurium binding 
Array 1 Array 2 Array 1 vs Array 2 Array 3 Array 4 Array 3 vs Array 4 
Mean SD Mean SD t-Student AVG Mean SD Mean SD t-Student AVG 
415 0.2 0.0 0.1 0.0 3.7 0.1 0.2 0.0 0.2 0.0 1.1 0.2 
416 0.7 0.1 0.6 0.1 2.2 0.7 0.1 0.0 0.0 0.0 0.6 0.1 
417 0.1 0.0 0.1 0.0 7.0 0.1 0.1 0.0 0.1 0.0 1.4 0.1 
418 0.2 0.0 0.1 0.0 5.6 0.1 0.3 0.3 0.2 0.0 0.7 0.2 
419 0.2 0.0 0.1 0.1 4.9 0.2 0.2 0.0 0.1 0.0 1.0 0.2 
420 0.2 0.1 0.3 0.0 4.1 0.3 0.2 0.0 0.2 0.0 1.6 0.2 
421 0.1 0.0 0.2 0.0 0.2 0.2 0.5 0.0 0.3 0.0 2.0 0.4 
422 0.0 0.0 0.1 0.1 2.0 0.1 0.0 0.0 0.0 0.0 0.7 0.0 
423 0.1 0.0 0.1 0.1 0.4 0.1 0.1 0.0 0.1 0.0 0.4 0.1 
426 0.1 0.0 0.2 0.0 8.2 0.1 0.0 0.0 0.0 0.0 0.6 0.0 
428 0.1 0.0 0.2 0.0 4.7 0.2 0.1 0.0 0.1 0.0 0.4 0.1 
429 0.2 0.0 0.1 0.0 1.9 0.1 0.1 0.0 0.2 0.0 2.2 0.1 
430 0.3 0.1 0.3 0.0 1.4 0.3 0.2 0.0 0.2 0.0 1.2 0.2 
431 0.2 0.0 0.1 0.1 3.5 0.2 0.2 0.1 0.1 0.0 1.4 0.2 
432 0.2 0.1 0.5 0.1 5.6 0.3 0.2 0.0 0.3 0.1 1.6 0.2 
433 0.0 0.0 0.1 0.1 1.3 0.1 0.1 0.0 0.1 0.0 0.8 0.1 
434 0.2 0.0 0.0 0.1 4.2 0.1 0.4 0.1 0.1 0.0 0.7 0.2 
436 0.2 0.1 0.1 0.0 2.2 0.1 0.0 0.0 0.0 0.0 0.7 0.0 
437 0.2 0.0 0.1 0.0 31.6 0.1 0.2 0.0 0.1 0.0 1.3 0.2 
440 0.6 0.0 0.2 0.1 7.8 0.4 0.1 0.1 0.0 0.0 0.4 0.1 
443 0.1 0.0 0.1 0.0 7.3 0.1 0.3 0.1 0.1 0.0 1.0 0.2 
444 0.3 0.0 0.0 0.0 47.0 0.2 0.1 0.0 0.1 0.0 0.8 0.1 
445 0.2 0.0 0.0 0.0 37.1 0.1 0.3 0.0 0.1 0.0 0.9 0.2 
450 0.2 0.0 0.3 0.1 1.1 0.2 0.1 0.0 0.2 0.0 2.6 0.2 
452 0.0 0.0 0.1 0.0 10.3 0.1 0.2 0.3 0.1 0.0 0.3 0.1 
453 0.1 0.0 0.1 0.1 0.4 0.1 0.3 0.0 0.1 0.0 2.3 0.2 
458 0.2 0.0 0.1 0.0 2.9 0.2 0.1 0.0 0.1 0.0 0.4 0.1 
459 0.2 0.0 0.2 0.0 0.5 0.2 0.2 0.0 0.2 0.0 1.9 0.2 
460 0.4 0.0 0.3 0.0 6.4 0.4 0.2 0.1 0.2 0.0 2.2 0.2 
465 0.1 0.0 0.1 0.0 2.1 0.1 0.1 0.0 0.1 0.0 0.9 0.1 
467 0.2 0.0 0.1 0.0 8.2 0.1 0.4 0.0 0.1 0.1 0.3 0.3 
468 0.4 0.0 0.3 0.0 7.2 0.3 0.2 0.0 0.3 0.1 1.3 0.3 
469 0.2 0.0 0.1 0.0 9.5 0.1 0.3 0.0 0.3 0.0 2.1 0.3 
470 0.2 0.0 0.1 0.0 2.7 0.2 0.1 0.0 0.1 0.0 0.7 0.1 
474 0.2 0.0 0.0 0.0 12.0 0.1 0.4 0.0 0.1 0.0 0.2 0.2 
475 0.1 0.0 0.0 0.0 2.5 0.1 0.1 0.0 0.0 0.0 0.4 0.0 
476 0.2 0.0 0.1 0.0 4.7 0.2 0.2 0.3 0.2 0.1 0.4 0.2 
477 0.2 0.0 0.0 0.0 72.1 0.1 0.3 0.0 0.2 0.1 0.5 0.2 
481 0.1 0.0 0.0 0.0 5.6 0.0 0.2 0.1 0.1 0.0 0.4 0.1 
485 0.1 0.0 0.0 0.0 3.5 0.0 0.4 0.0 0.2 0.0 1.3 0.3 
493 0.1 0.0 0.0 0.0 3.2 0.1 0.2 0.0 0.1 0.0 0.5 0.1 
496 0.4 0.0 0.1 0.0 8.5 0.2 0.1 0.0 0.1 0.0 0.6 0.1 
497 0.1 0.0 0.1 0.1 2.2 0.1 0.1 0.0 0.1 0.0 0.7 0.1 
500 0.1 0.0 0.1 0.0 1.2 0.1 0.1 0.0 0.1 0.0 0.7 0.1 
504 0.7 0.0 0.4 0.0 12.4 0.5 0.2 0.0 0.1 0.0 0.8 0.1 
507 0.2 0.0 0.1 0.0 9.6 0.1 0.1 0.0 0.1 0.0 3.3 0.1 
508 0.3 0.1 0.2 0.0 1.6 0.3 0.2 0.0 0.1 0.0 0.5 0.1 
509 0.3 0.0 0.1 0.0 6.1 0.2 0.2 0.0 0.2 0.0 1.7 0.2 
510 0.2 0.1 0.2 0.0 0.4 0.2 0.2 0.0 0.1 0.2 0.0 0.1 
511 0.1 0.0 0.2 0.1 2.9 0.2 0.1 0.0 0.1 0.0 1.1 0.1 
512 0.5 0.0 0.1 0.0 19.3 0.3 0.1 0.1 0.1 0.0 1.7 0.1 
514 0.3 0.1 0.2 0.1 2.7 0.2 0.1 0.0 0.1 0.0 0.5 0.1 
515 0.1 0.0 0.1 0.0 0.4 0.1 0.1 0.0 0.1 0.0 1.7 0.1 
517 0.2 0.0 0.1 0.0 7.2 0.2 0.5 0.0 0.2 0.0 1.9 0.4 
518 0.1 0.0 0.1 0.0 9.5 0.1 0.2 0.1 0.1 0.0 1.7 0.1 
519 0.2 0.0 0.2 0.0 0.7 0.2 0.2 0.1 0.1 0.0 0.9 0.2 
520 0.2 0.0 0.2 0.0 3.7 0.2 0.1 0.0 0.1 0.0 2.1 0.1 
522 0.0 0.0 0.1 0.1 2.0 0.1 0.1 0.0 0.1 0.0 1.5 0.1 
523 0.1 0.0 0.2 0.0 1.6 0.1 0.0 0.0 0.0 0.0 0.5 0.0 
pg7 0.2 0.0 0.0 0.0 14.1 0.1 0.4 0.1 0.1 0.0 1.6 0.2 
pg4 0.1 0.0 0.1 0.0 0.2 0.1 0.3 0.0 0.0 0.0 0.1 0.1 
pg15 0.1 0.0 0.0 0.1 6.4 0.1 0.2 0.1 0.0 0.0 0.7 0.1 
pg3 0.1 0.0 0.1 0.0 0.3 0.1 0.3 0.0 0.2 0.0 1.2 0.2 
pg5 0.1 0.0 0.1 0.0 0.2 0.1 0.4 0.1 0.1 0.0 0.3 0.3 
pg1 0.3 0.0 0.0 0.0 18.6 0.1 0.1 0.0 0.1 0.0 1.1 0.1 






E. col binding S. Typhimurium binding 
Array 1 Array 2 Array 1 vs Array 2 Array 3 Array 4 Array 3 vs Array 4 
Mean SD Mean SD t-Student AVG Mean SD Mean SD t-Student AVG 
pg11 0.1 0.0 0.0 0.0 5.4 0.0 0.3 0.0 0.1 0.0 0.9 0.2 
pg16 0.2 0.0 0.0 0.0 19.6 0.1 0.5 0.0 0.3 0.1 1.2 0.4 
pg8 0.2 0.0 0.0 0.0 15.6 0.1 0.6 0.1 0.2 0.1 0.6 0.4 
pg3 0.2 0.0 0.1 0.0 12.4 0.1 0.2 0.0 0.1 0.0 0.9 0.1 
pg14 0.1 0.0 0.0 0.0 29.8 0.1 0.4 0.1 0.1 0.0 0.4 0.3 
pg9 0.2 0.0 0.1 0.0 11.0 0.1 0.4 0.1 0.3 0.0 1.6 0.4 
pg19 0.1 0.0 0.1 0.0 3.5 0.1 0.1 0.0 0.1 0.0 1.2 0.1 
pg6 0.1 0.0 0.2 0.1 1.9 0.2 0.2 0.1 0.1 0.0 0.9 0.1 
pg12 0.1 0.0 0.1 0.0 2.4 0.1 0.3 0.0 0.0 0.0 0.3 0.2 
pg13 0.1 0.0 0.1 0.0 1.0 0.1 0.5 0.0 0.1 0.0 2.3 0.3 





























Results for E. coli and S. Typhimurium-polyurethane binding analysis. The fluorescence 
intensities were normalised by dividing the whole set of the highest fluorescence value 
examined per polymer microarray. Mean: Mean normalised fluorescence intensity; SD: 
Standard deviation. 
PU 
E. coli binding S. Typhimurium binding 
Array 1 Array 2 Array 1 vs Array 2 Array 3 Array 4 Array 3 vs Array 4 
Mean SD Mean SD t-Student AVG Mean SD Mean SD t-Student AVG 
1 0.09 0.02 0.04 0.00 6.03 0.06 0.27 0.040 0.07 0.079 0.09 0.17 
2 0.08 0.01 0.05 0.02 2.61 0.06 0.20 0.016 0.06 0.022 0.38 0.13 
3 0.06 0.02 0.24 0.08 4.65 0.15 0.27 0.042 0.20 0.025 1.49 0.24 
4 0.07 0.01 0.06 0.01 1.47 0.07 0.29 0.026 0.04 0.019 0.15 0.17 
5 0.11 0.01 0.12 0.07 0.42 0.12 0.11 0.008 0.19 0.018 1.83 0.15 
7 0.10 0.02 0.02 0.02 6.05 0.06 0.11 0.008 0.09 0.012 1.12 0.10 
8 0.29 0.02 0.18 0.04 4.58 0.24 0.08 0.030 0.17 0.005 3.30 0.13 
10 0.36 0.03 0.13 0.01 17.38 0.24 0.30 0.056 0.32 0.039 1.92 0.31 
12 0.09 0.00 0.07 0.02 2.88 0.08 0.25 0.046 0.16 0.033 0.97 0.20 
13 0.13 0.01 0.11 0.04 1.39 0.12 0.35 0.010 0.18 0.017 1.63 0.27 
14 0.04 0.00 0.12 0.03 5.47 0.08 0.48 0.055 0.19 0.018 1.43 0.33 
18 0.12 0.02 0.22 0.06 3.27 0.17 0.44 0.056 0.31 0.034 1.89 0.38 
19 0.09 0.02 0.02 0.01 5.45 0.06 0.43 0.098 0.11 0.007 1.08 0.27 
20 0.13 0.03 0.02 0.03 4.70 0.07 0.22 0.102 0.11 0.014 0.95 0.17 
24 0.09 0.01 0.04 0.01 6.06 0.07 0.32 0.029 0.22 0.032 1.40 0.27 
25 0.14 0.02 0.08 0.02 4.46 0.11 0.40 0.045 0.23 0.011 2.56 0.31 
28 0.16 0.04 0.26 0.03 4.19 0.21 0.50 0.038 0.28 0.034 1.62 0.39 
29 0.23 0.01 0.02 0.02 22.02 0.12 0.29 0.059 0.12 0.007 1.49 0.20 
33 0.12 0.04 0.02 0.01 4.84 0.07 0.52 0.056 0.18 0.008 2.04 0.35 
35 0.11 0.01 0.01 0.00 32.87 0.06 0.27 0.067 0.11 0.019 0.79 0.19 
37 0.16 0.01 0.04 0.03 7.49 0.10 0.58 0.044 0.14 0.022 0.71 0.36 
39 0.30 0.03 0.17 0.04 4.66 0.23 0.64 0.145 0.49 0.049 2.21 0.56 
41 0.14 0.03 0.10 0.00 3.13 0.12 0.50 0.020 0.30 0.008 4.10 0.40 
46 0.14 0.02 0.13 0.01 1.10 0.14 0.56 0.010 0.19 0.036 0.84 0.38 
48 0.16 0.02 0.15 0.04 0.15 0.15 0.20 0.031 0.21 0.031 1.50 0.21 
49 0.06 0.01 0.03 0.00 5.63 0.04 0.13 0.016 0.16 0.074 0.67 0.14 
53 0.12 0.01 0.02 0.01 11.59 0.07 0.36 0.043 0.14 0.034 0.71 0.25 
63 0.11 0.00 0.14 0.02 3.87 0.12 0.25 0.032 0.21 0.064 0.93 0.23 
65 0.10 0.02 0.10 0.01 0.50 0.10 0.41 0.134 0.16 0.011 1.24 0.28 
67 0.08 0.01 0.02 0.04 3.07 0.05 0.17 0.006 0.09 0.011 1.06 0.13 
69 0.20 0.04 0.02 0.01 9.34 0.11 0.16 0.017 0.13 0.020 1.18 0.15 
73 0.08 0.01 0.08 0.05 0.03 0.08 0.28 0.023 0.20 0.042 1.07 0.24 
77 0.08 0.02 0.19 0.01 7.43 0.14 0.29 0.016 0.07 0.012 0.56 0.18 
79 0.13 0.03 0.22 0.09 1.84 0.18 0.37 0.050 0.18 0.046 0.78 0.28 
81 0.14 0.01 0.24 0.01 14.74 0.19 0.26 0.017 0.32 0.010 4.19 0.29 
83 0.13 0.01 0.04 0.01 10.38 0.09 0.08 0.007 0.12 0.018 1.14 0.10 
85 0.21 0.00 0.06 0.00 70.97 0.14 0.25 0.043 0.15 0.024 1.09 0.20 
87 0.18 0.01 0.07 0.03 6.28 0.13 0.18 0.018 0.31 0.039 2.02 0.25 
89 0.10 0.01 0.07 0.01 5.72 0.09 0.33 0.031 0.26 0.034 1.63 0.29 
92 0.08 0.00 0.26 0.06 5.75 0.17 0.73 0.013 0.57 0.054 2.74 0.65 
93 0.15 0.03 0.13 0.04 1.03 0.14 0.38 0.023 0.14 0.033 0.75 0.26 
94 0.13 0.02 0.08 0.01 5.16 0.10 0.10 0.065 0.09 0.004 1.58 0.09 
95 0.33 0.01 0.42 0.02 8.12 0.37 0.34 0.024 0.39 0.011 4.80 0.36 
96 0.13 0.03 0.19 0.02 3.04 0.16 0.41 0.075 0.11 0.003 1.54 0.26 
97 0.25 0.01 0.34 0.07 2.56 0.30 0.25 0.034 0.27 0.005 4.91 0.26 
98 0.17 0.01 0.05 0.01 21.49 0.11 0.23 0.015 0.35 0.029 2.66 0.29 
99 0.19 0.01 0.02 0.10 3.27 0.11 0.38 0.033 0.18 0.010 2.13 0.28 
100 0.16 0.00 0.09 0.01 10.43 0.12 0.31 0.039 0.14 0.329 0.05 0.23 
101 0.17 0.00 0.08 0.01 21.78 0.13 0.35 0.010 0.29 0.009 3.98 0.32 
102 0.12 0.04 0.07 0.02 2.40 0.10 0.25 0.049 0.21 0.019 1.82 0.23 
103 0.22 0.02 0.34 0.02 8.38 0.28 0.19 0.031 0.16 0.007 2.31 0.17 
104 0.28 0.03 0.28 0.11 0.12 0.28 0.64 0.038 0.37 0.046 1.80 0.51 
105 0.18 0.02 0.24 0.03 3.63 0.21 0.21 0.029 0.25 0.020 2.30 0.23 
106 0.24 0.03 0.19 0.03 2.15 0.21 0.14 0.012 0.16 0.013 1.83 0.15 
107 0.13 0.01 0.15 0.02 2.70 0.14 0.46 0.059 0.29 0.048 1.41 0.37 
108 0.17 0.01 0.10 0.04 3.55 0.13 0.20 0.057 0.15 0.024 1.14 0.17 
110 0.11 0.02 0.05 0.01 5.21 0.08 0.43 0.037 0.13 0.015 1.07 0.28 
111 0.47 0.13 0.42 0.03 0.65 0.44 0.34 0.025 0.45 0.047 2.59 0.40 
112 0.25 0.03 0.18 0.01 4.03 0.21 0.44 0.065 0.45 0.074 1.88 0.44 




E. coli binding S. Typhimurium binding 
Array 1 Array 2 Array 1 vs Array 2 Array 3 Array 4 Array 3 vs Array 4 
Mean SD Mean SD t-Student AVG Mean SD Mean SD t-Student AVG 
115 0.17 0.01 0.13 0.01 6.92 0.15 0.35 0.010 0.25 0.047 1.29 0.30 
116 0.23 0.02 0.13 0.02 6.97 0.18 0.40 0.040 0.53 0.041 3.28 0.47 
117 0.26 0.03 0.19 0.05 2.17 0.22 0.44 0.074 0.40 0.009 4.77 0.42 
118 0.59 0.14 0.25 0.02 4.81 0.42 0.45 0.031 0.19 0.024 1.27 0.32 
119 0.18 0.04 0.27 0.09 1.92 0.23 0.56 0.020 0.33 0.022 2.56 0.45 
120 0.23 0.02 0.30 0.02 4.92 0.27 0.74 0.046 0.52 0.047 2.63 0.63 
121 0.21 0.02 0.13 0.06 2.46 0.17 0.37 0.010 0.37 0.053 1.92 0.37 
122 0.07 0.02 0.04 0.00 2.62 0.06 0.26 0.050 0.07 0.024 0.39 0.17 
123 0.06 0.01 0.04 0.01 1.74 0.05 0.17 0.026 0.20 0.007 3.12 0.18 
124 0.14 0.03 0.01 0.01 7.85 0.08 0.30 0.123 0.10 0.006 0.90 0.20 
125 0.19 0.01 0.03 0.02 12.90 0.11 0.45 0.015 0.21 0.028 1.31 0.33 
126 0.31 0.04 0.25 0.02 2.76 0.28 0.92 0.041 0.88 0.096 3.08 0.90 
127 0.21 0.02 0.22 0.02 0.29 0.21 0.40 0.012 0.38 0.073 1.59 0.39 
128 0.12 0.01 0.10 0.02 2.10 0.11 0.19 0.035 0.22 0.021 1.90 0.20 
129 0.15 0.02 0.12 0.02 1.79 0.14 0.09 0.027 0.08 0.013 0.92 0.09 
130 0.06 0.00 0.14 0.03 5.29 0.10 0.31 0.012 0.22 0.009 2.99 0.27 
131 0.07 0.02 0.09 0.02 1.27 0.08 0.20 0.039 0.14 0.011 1.59 0.17 
132 0.20 0.03 0.49 0.08 6.57 0.34 0.17 0.069 0.42 0.044 2.57 0.29 
133 0.63 0.16 0.50 0.05 1.52 0.56 0.29 0.043 0.19 0.019 1.57 0.24 
134 0.15 0.02 0.45 0.04 13.67 0.30 0.16 0.069 0.13 0.010 1.55 0.15 
135 0.21 0.01 0.15 0.01 7.20 0.18 0.19 0.008 0.20 0.013 2.34 0.19 
136 0.18 0.03 0.28 0.02 5.49 0.23 0.27 0.042 0.32 0.054 1.67 0.30 
137 0.43 0.05 0.40 0.08 0.70 0.42 0.42 0.033 0.39 0.043 2.25 0.41 
138 0.33 0.07 0.24 0.03 2.38 0.29 0.52 0.054 0.44 0.027 3.18 0.48 
139 0.18 0.03 0.14 0.04 1.66 0.16 0.44 0.032 0.37 0.042 2.07 0.41 
140 0.05 0.01 0.09 0.01 4.13 0.07 0.60 0.089 0.28 0.048 1.12 0.44 
141 0.05 0.01 0.12 0.02 6.04 0.08 0.45 0.021 0.10 0.012 0.87 0.28 
143 0.15 0.02 0.14 0.03 0.07 0.15 0.54 0.035 0.22 0.012 2.26 0.38 
144 0.16 0.01 0.04 0.01 14.73 0.10 0.36 0.039 0.11 0.005 1.67 0.23 
145 0.13 0.01 0.02 0.01 16.03 0.07 0.27 0.080 0.14 0.026 0.85 0.20 
146 0.26 0.05 0.26 0.06 0.04 0.26 0.20 0.009 0.23 0.013 2.65 0.22 
147 0.09 0.02 0.14 0.03 3.10 0.12 0.14 0.025 0.10 0.013 1.11 0.12 
148 0.09 0.01 0.02 0.04 3.71 0.06 0.36 0.025 0.24 0.049 1.16 0.30 
149 0.16 0.01 0.17 0.02 0.38 0.17 0.40 0.026 0.35 0.025 2.71 0.38 
150 0.11 0.02 0.26 0.20 1.44 0.19 0.13 0.035 0.08 0.006 1.30 0.11 
151 0.49 0.20 0.65 0.16 1.19 0.57 0.23 0.028 0.13 0.012 1.46 0.18 
152 0.16 0.03 0.10 0.01 3.48 0.13 0.30 0.045 0.11 0.010 1.19 0.21 
153 0.34 0.05 0.40 0.11 1.06 0.37 0.21 0.026 0.19 0.063 0.85 0.20 
154 0.12 0.01 0.06 0.03 4.31 0.09 0.20 0.040 0.16 0.029 1.07 0.18 
156 0.14 0.01 0.17 0.16 0.38 0.15 0.34 0.045 0.08 0.024 0.35 0.21 
157 0.19 0.04 0.18 0.02 0.89 0.19 0.29 0.041 0.13 0.012 1.38 0.21 
158 0.21 0.02 0.35 0.08 3.44 0.28 0.09 0.011 0.11 0.015 1.15 0.10 
159 0.22 0.01 0.17 0.02 4.09 0.19 0.47 0.066 0.42 0.055 2.02 0.45 
161 0.16 0.07 0.53 0.04 9.25 0.35 0.05 0.005 0.05 0.006 0.84 0.05 
162 0.40 0.15 0.39 0.04 0.18 0.39 0.07 0.010 0.06 0.005 1.04 0.06 
163 0.25 0.02 0.11 0.02 10.62 0.18 0.60 0.034 0.37 0.028 2.49 0.49 
164 0.69 0.11 0.41 0.02 5.18 0.55 0.22 0.065 0.32 0.028 2.39 0.27 
165 0.11 0.01 0.31 0.07 6.05 0.21 0.06 0.010 0.07 0.006 1.18 0.06 
166 0.10 0.00 0.02 0.00 32.74 0.06 0.39 0.032 0.11 0.024 0.64 0.25 
167 0.14 0.01 0.05 0.02 7.34 0.09 0.44 0.047 0.20 0.016 1.71 0.32 
170 0.13 0.06 0.20 0.06 1.77 0.16 0.51 0.062 0.15 0.071 0.30 0.33 
171 0.39 0.19 0.90 0.10 4.75 0.65 0.55 0.095 0.33 0.085 0.99 0.44 
172 0.20 0.02 0.18 0.01 2.25 0.19 0.27 0.056 0.26 0.022 2.10 0.27 
173 0.11 0.01 0.07 0.01 4.46 0.09 0.31 0.025 0.09 0.015 0.76 0.20 
174 0.36 0.22 0.50 0.09 1.17 0.43 0.18 0.028 0.20 0.007 3.19 0.19 
175 0.15 0.04 0.10 0.03 2.35 0.13 0.42 0.047 0.15 0.018 1.18 0.29 
178 0.21 0.02 0.05 0.01 13.59 0.13 0.61 0.072 0.33 0.029 1.99 0.47 
179 0.12 0.00 0.12 0.02 0.73 0.12 0.39 0.108 0.25 0.042 1.22 0.32 
180 0.26 0.02 0.05 0.02 15.49 0.15 0.38 0.113 0.10 0.040 0.28 0.24 
181 0.07 0.00 0.05 0.03 1.29 0.06 0.12 0.013 0.06 0.012 0.61 0.09 
182 0.13 0.01 0.08 0.01 6.63 0.11 0.28 0.033 0.18 0.031 1.13 0.23 
183 0.39 0.10 0.61 0.04 4.12 0.50 0.19 0.013 0.15 0.013 1.67 0.17 
184 0.04 0.01 0.09 0.01 5.15 0.06 0.35 0.026 0.07 0.006 0.82 0.21 
185 0.34 0.05 0.52 0.07 4.28 0.43 0.31 0.046 0.38 0.052 1.99 0.34 
186 0.22 0.05 0.65 0.18 4.46 0.44 0.21 0.062 0.21 0.047 1.13 0.21 




E. coli binding S. Typhimurium binding 
Array 1 Array 2 Array 1 vs Array 2 Array 3 Array 4 Array 3 vs Array 4 
Mean SD Mean SD t-Student AVG Mean SD Mean SD t-Student AVG 
188 0.17 0.00 0.08 0.04 4.27 0.12 0.17 0.041 0.22 0.003 4.87 0.20 
189 0.17 0.00 0.09 0.01 14.24 0.13 0.35 0.023 0.28 0.035 1.80 0.32 
191 0.28 0.04 0.27 0.04 0.31 0.27 0.52 0.044 0.36 0.040 1.98 0.44 
192 0.39 0.04 0.06 0.02 14.79 0.22 0.52 0.092 0.15 0.054 0.38 0.34 
194 0.12 0.06 0.09 0.02 1.12 0.11 0.31 0.044 0.23 0.081 0.81 0.27 
195 0.19 0.03 0.15 0.01 1.99 0.17 0.41 0.099 0.22 0.024 1.45 0.31 
196 0.08 0.02 0.14 0.01 5.24 0.11 0.62 0.036 0.12 0.020 0.60 0.37 
197 0.18 0.03 0.23 0.02 2.70 0.20 0.56 0.017 0.29 0.016 2.69 0.42 
199 0.21 0.04 0.01 0.00 11.19 0.11 0.41 0.107 0.12 0.005 1.17 0.26 
200 0.15 0.02 0.05 0.02 7.18 0.10 0.48 0.041 0.11 0.011 1.00 0.30 
201 0.16 0.03 0.06 0.02 6.80 0.11 0.49 0.061 0.32 0.052 1.49 0.41 
202 0.11 0.01 0.01 0.01 14.99 0.06 0.10 0.033 0.07 0.001 2.18 0.09 
203 0.18 0.01 0.14 0.01 4.89 0.16 0.13 0.020 0.19 0.005 3.81 0.16 
205 0.09 0.01 0.07 0.01 1.71 0.08 0.20 0.020 0.11 0.005 1.97 0.16 
207 0.15 0.02 0.09 0.02 5.74 0.12 0.40 0.004 0.15 0.032 0.81 0.28 
208 0.21 0.02 0.16 0.05 1.46 0.18 0.30 0.049 0.63 0.098 2.54 0.47 
210 0.19 0.01 0.08 0.04 5.60 0.14 0.37 0.065 0.16 0.022 1.05 0.26 
212 0.10 0.01 0.20 0.03 5.49 0.15 0.26 0.030 0.19 0.014 2.01 0.23 
215 0.16 0.01 0.24 0.07 2.36 0.20 0.26 0.031 0.14 0.047 0.64 0.20 
216 0.19 0.01 0.20 0.02 1.68 0.20 0.29 0.052 0.26 0.016 2.56 0.28 
217 0.13 0.01 0.75 0.11 10.87 0.44 0.08 0.002 0.14 0.013 1.69 0.11 
218 0.21 0.00 0.12 0.02 6.79 0.17 0.45 0.022 0.17 0.014 1.60 0.31 
219 0.23 0.04 0.20 0.04 1.05 0.21 0.44 0.067 0.58 0.058 2.91 0.51 
220 0.30 0.03 0.35 0.04 2.05 0.33 0.32 0.078 0.43 0.047 2.38 0.37 
222 0.11 0.05 0.71 0.14 7.86 0.41 0.63 0.054 0.64 0.107 2.11 0.64 
223 0.19 0.02 0.50 0.13 4.84 0.34 0.15 0.075 0.11 0.009 1.25 0.13 
224 0.15 0.02 0.18 0.03 1.64 0.17 0.49 0.034 0.16 0.009 1.77 0.32 
225 0.07 0.01 0.17 0.03 5.62 0.12 0.31 0.029 0.21 0.036 1.26 0.26 
226 0.20 0.03 0.51 0.06 9.86 0.36 0.36 0.150 0.17 0.016 1.11 0.26 
227 0.25 0.03 0.05 0.01 11.71 0.15 0.17 0.016 0.34 0.023 3.00 0.25 
228 0.06 0.01 0.06 0.02 0.19 0.06 0.35 0.058 0.12 0.028 0.60 0.23 
229 0.09 0.01 0.02 0.01 7.44 0.06 0.28 0.063 0.07 0.027 0.34 0.17 
233 0.05 0.01 0.08 0.02 2.39 0.06 0.34 0.032 0.12 0.003 2.36 0.23 
234 0.08 0.01 0.02 0.01 9.38 0.05 0.07 0.017 0.08 0.020 0.70 0.07 
235 0.20 0.01 -0.10 0.02 32.78 0.05 0.06 0.011 0.09 0.004 1.85 0.07 
236 0.08 0.02 0.08 0.05 0.12 0.08 0.68 0.352 0.08 0.027 0.31 0.38 
239 0.07 0.01 0.15 0.02 8.18 0.11 0.12 0.008 0.10 0.011 1.18 0.11 
241 0.10 0.03 0.04 0.03 2.55 0.07 0.37 0.020 0.27 0.044 1.43 0.32 
244 0.14 0.02 0.06 0.01 8.02 0.10 0.34 0.338 0.28 0.014 1.12 0.31 
247 0.09 0.01 0.35 0.04 11.93 0.22 0.13 0.035 0.12 0.006 1.90 0.12 
250 0.14 0.01 0.10 0.02 4.16 0.12 0.35 0.029 0.14 0.041 0.62 0.24 
253 0.15 0.02 0.07 0.02 5.73 0.11 0.29 0.049 0.17 0.086 0.54 0.23 
254 0.09 0.02 0.05 0.03 2.57 0.07 0.39 0.034 0.28 0.052 1.30 0.33 
255 0.16 0.02 0.04 0.01 10.24 0.10 0.18 0.054 0.15 0.012 1.62 0.17 
257 0.36 0.03 0.23 0.02 6.51 0.29 0.29 0.019 0.36 0.030 2.63 0.32 
264 0.13 0.01 0.08 0.00 7.95 0.11 0.21 0.053 0.15 0.036 0.92 0.18 
273 0.23 0.02 0.13 0.04 4.43 0.18 0.57 0.025 0.29 0.018 2.45 0.43 
277 0.19 0.01 0.12 0.06 2.45 0.16 0.38 0.021 0.34 0.037 2.13 0.36 
273 0.23 0.02 0.13 0.04 4.43 0.18 0.57 0.03 0.29 0.02 2.45 0.43 










Results for C. jejuni, C. perfringens, C. difficile, S. mutans and two clinical bacterial 
cocaktails-polyacrylate binding analysis. The fluorescence intensities were normalised by 
dividing the whole set of the highest fluorescence value examined per polymer microarray. 





CH4 C. perfringens C. difficile S. mutans Clinical 1 Clinical 2 
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
3 0.14 0.004 0.00 0.002 0.09 0.036 0.01 0.002 0.12 0.022 0.01 0.004 0.06 0.059 
11 0.10 0.019 0.01 0.007 0.07 0.034 0.01 0.005 0.08 0.009 0.03 0.004 0.09 0.021 
12 0.14 0.012 0.01 0.004 0.03 0.008 0.01 0.002 0.06 0.006 0.03 0.004 0.06 0.017 
13 0.01 0.003 0.02 0.002 0.01 0.007 0.00 0.001 0.02 0.001 0.01 0.001 0.03 0.004 
14 0.01 0.005 0.01 0.003 0.01 0.014 0.00 0.001 0.03 0.004 0.01 0.002 0.09 0.022 
17 0.02 0.008 0.01 0.002 0.02 0.009 0.00 0.001 0.10 0.006 0.01 0.001 0.10 0.018 
18 0.04 0.007 0.01 0.005 0.02 0.012 0.01 0.001 0.09 0.011 0.01 0.003 0.18 0.031 
19 0.23 0.015 0.02 0.002 0.04 0.012 0.00 0.001 0.12 0.006 0.02 0.002 0.03 0.060 
20 0.12 0.004 0.01 0.001 0.05 0.010 0.00 0.001 0.05 0.006 0.03 0.003 0.05 0.011 
21 0.18 0.018 0.03 0.006 0.05 0.029 0.01 0.002 0.06 0.005 0.04 0.004 0.05 0.020 
22 0.13 0.011 0.01 0.002 0.02 0.005 0.00 0.001 0.06 0.022 0.01 0.002 0.03 0.006 
23 0.11 0.035 0.01 0.002 0.03 0.016 0.00 0.001 0.05 0.010 0.01 0.002 0.03 0.011 
25 0.12 0.025 0.00 0.001 0.07 0.018 0.00 0.003 0.05 0.008 0.01 0.003 0.05 0.029 
26 0.10 0.050 0.03 0.007 -0.05 0.157 0.00 0.001 0.08 0.015 0.02 0.003 0.14 0.015 
27 0.20 0.074 0.04 0.009 0.09 0.029 0.01 0.003 0.15 0.021 0.05 0.005 0.24 0.069 
37 0.13 0.034 0.01 0.003 0.09 0.016 0.01 0.004 0.09 0.019 0.01 0.002 0.04 0.020 
40 0.27 0.014 -0.01 0.003 0.28 0.043 0.00 0.003 0.29 0.016 0.02 0.002 0.06 0.027 
43 0.28 0.014 0.00 0.003 0.05 0.020 0.00 0.002 0.15 0.059 0.03 0.003 0.13 0.019 
44 0.20 0.014 0.02 0.007 0.01 0.010 0.00 0.002 0.12 0.019 0.02 0.007 0.04 0.008 
46 0.32 0.010 0.04 0.008 0.16 0.010 0.01 0.004 0.11 0.013 0.03 0.004 0.19 0.016 
50 0.08 0.016 0.00 0.001 0.05 0.012 0.00 0.000 0.04 0.012 0.00 0.001 0.02 0.005 
55 0.27 0.048 0.03 0.004 0.07 0.028 0.04 0.003 0.08 0.006 0.09 0.016 0.11 0.010 
56 0.44 0.022 0.03 0.004 0.09 0.022 0.02 0.001 0.06 0.004 0.04 0.005 0.11 0.010 
56 0.10 0.012 0.07 0.004 0.10 0.025 0.07 0.007 0.13 0.018 0.14 0.006 0.03 0.015 
57 0.53 0.027 0.07 0.006 0.12 0.022 0.18 0.109 0.08 0.004 0.26 0.010 0.21 0.029 
58 0.47 0.010 0.04 0.005 0.07 0.016 0.08 0.005 0.12 0.016 0.10 0.006 0.11 0.038 
59 0.83 0.032 0.16 0.011 0.17 0.021 0.07 0.005 0.20 0.016 0.18 0.008 0.48 0.021 
60 0.29 0.029 0.02 0.008 0.04 0.028 0.01 0.001 0.17 0.017 0.04 0.003 0.12 0.015 
100 0.08 0.021 0.05 0.037 0.09 0.030 0.07 0.006 0.17 0.002 0.06 0.021 0.10 0.029 
102 0.21 0.030 0.03 0.013 0.06 0.041 0.01 0.003 0.12 0.009 0.02 0.001 0.10 0.042 
104 0.04 0.020 0.01 0.004 0.07 0.016 0.10 0.007 0.44 0.013 0.03 0.003 0.06 0.026 
105 0.02 0.004 0.00 0.001 0.04 0.004 0.00 0.000 0.01 0.002 0.00 0.001 0.01 0.008 
106 0.29 0.042 0.00 0.005 0.00 0.003 0.00 0.002 0.14 0.022 0.01 0.003 0.06 0.012 
112 0.06 0.025 0.08 0.088 0.10 0.025 0.02 0.003 0.33 0.018 0.02 0.002 0.13 0.030 
113 0.16 0.005 0.02 0.002 0.20 0.051 0.02 0.002 0.50 0.014 0.02 0.003 0.03 0.052 
117 0.23 0.030 0.02 0.012 0.04 0.007 0.00 0.002 0.13 0.017 0.04 0.005 0.04 0.014 
119 0.28 0.049 0.02 0.007 0.10 0.018 0.01 0.002 0.21 0.065 0.05 0.014 0.10 0.017 
120 0.01 0.005 0.00 0.002 0.03 0.007 0.00 0.001 0.02 0.005 0.00 0.001 0.18 0.205 
128 0.01 0.010 0.01 0.003 0.05 0.013 0.00 0.001 0.22 0.005 0.02 0.004 -0.03 0.071 
131 0.02 0.009 0.25 0.011 0.01 0.020 0.00 0.001 0.04 0.004 0.00 0.001 0.06 0.007 
132 0.15 0.026 0.02 0.006 0.08 0.018 0.01 0.006 0.15 0.015 0.02 0.001 0.06 0.032 
133 0.01 0.003 0.07 0.088 0.04 0.011 0.00 0.002 0.02 0.002 0.02 0.002 0.05 0.082 
134 0.04 0.033 -0.02 0.005 0.13 0.026 -0.01 0.002 0.35 0.024 0.03 0.003 0.08 0.012 
135 0.07 0.028 0.09 0.116 0.04 0.020 0.00 0.001 0.03 0.006 0.00 0.002 0.03 0.024 
136 0.16 0.016 0.04 0.008 0.08 0.017 0.01 0.002 0.07 0.011 0.06 0.006 0.06 0.017 
137 0.13 0.026 0.03 0.029 0.04 0.007 0.01 0.001 0.04 0.013 0.01 0.003 0.04 0.027 
138 0.13 0.015 0.01 0.005 0.02 0.004 0.00 0.002 0.06 0.005 0.02 0.002 0.04 0.018 
139 0.19 0.030 0.02 0.007 0.11 0.025 0.01 0.001 0.11 0.008 0.02 0.004 0.09 0.013 
140 0.23 0.064 0.04 0.003 0.13 0.094 0.01 0.012 0.20 0.017 0.11 0.019 0.22 0.039 
141 0.16 0.029 0.01 0.002 0.08 0.070 0.01 0.003 0.09 0.006 0.03 0.003 0.06 0.005 
142 0.30 0.023 0.03 0.004 0.10 0.021 0.00 0.002 0.13 0.019 0.03 0.001 0.04 0.033 
143 0.19 0.029 0.01 0.003 0.04 0.020 0.00 0.002 0.15 0.011 0.03 0.006 0.05 0.013 
153 0.14 0.012 0.01 0.003 0.08 0.061 0.00 0.002 0.13 0.013 0.04 0.004 0.04 0.009 
154 0.13 0.008 0.00 0.003 0.05 0.017 0.00 0.002 0.07 0.005 0.02 0.002 0.02 0.013 
155 0.06 0.021 0.01 0.009 0.13 0.067 0.04 0.003 0.22 0.034 0.02 0.002 0.04 0.005 
159 0.16 0.010 -0.01 0.005 0.23 0.043 0.00 0.001 0.29 0.013 0.03 0.003 0.06 0.067 
160 0.16 0.040 0.00 0.001 0.05 0.016 0.00 0.001 0.14 0.023 0.01 0.001 0.04 0.014 
162 0.17 0.019 0.01 0.011 0.02 0.018 0.00 0.000 0.08 0.004 0.02 0.003 0.06 0.010 
163 0.10 0.013 0.02 0.011 0.02 0.013 0.00 0.001 0.05 0.003 0.02 0.006 0.04 0.005 







CH4 C. perfringens C. difficile S. mutans Clinical 1 Clinical 2 
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
167 0.13 0.022 0.01 0.003 0.43 0.014 0.23 0.015 0.84 0.037 0.03 0.003 0.30 0.052 
168 0.05 0.009 0.01 0.005 0.06 0.014 0.00 0.001 0.03 0.008 0.02 0.002 0.01 0.005 
171 0.07 0.017 0.05 0.012 0.06 0.030 0.01 0.003 0.02 0.008 0.01 0.002 0.07 0.068 
172 0.17 0.014 0.01 0.002 0.12 0.025 0.01 0.001 0.15 0.007 0.02 0.002 0.09 0.017 
175 0.24 0.058 -0.01 0.004 0.31 0.110 0.04 0.002 0.65 0.056 0.03 0.003 0.11 0.037 
177 0.10 0.022 0.00 0.001 0.07 0.016 0.00 0.000 0.04 0.008 0.01 0.001 0.02 0.007 
178 0.16 0.024 0.00 0.002 0.01 0.005 0.00 0.000 0.08 0.007 0.01 0.003 0.03 0.010 
179 0.08 0.008 0.01 0.003 0.01 0.002 0.00 0.001 0.05 0.006 0.00 0.002 0.02 0.002 
180 0.06 0.016 0.01 0.003 0.10 0.021 0.00 0.002 0.07 0.010 0.01 0.002 0.02 0.004 
181 0.24 0.040 0.01 0.003 0.14 0.079 0.01 0.002 0.63 0.074 0.02 0.002 0.02 0.020 
182 0.03 0.004 0.00 0.001 0.01 0.006 0.00 0.001 0.23 0.018 0.01 0.001 0.01 0.005 
183 0.14 0.029 0.00 0.002 0.04 0.018 0.00 0.001 0.06 0.003 0.01 0.002 0.02 0.012 
184 0.13 0.026 0.02 0.023 0.04 0.012 0.00 0.001 0.04 0.001 0.01 0.005 0.02 0.012 
185 0.14 0.012 0.00 0.004 0.04 0.020 0.00 0.000 0.14 0.027 0.01 0.001 0.01 0.039 
185 0.12 0.028 0.00 0.002 0.03 0.012 0.00 0.002 0.04 0.004 0.01 0.002 0.03 0.015 
186 0.20 0.024 0.03 0.016 0.06 0.018 0.00 0.004 0.22 0.016 0.03 0.004 0.08 0.120 
187 0.00 0.002 0.02 0.013 0.02 0.004 0.00 0.001 0.06 0.005 0.00 0.002 0.02 0.047 
188 0.07 0.018 -0.02 0.008 0.01 0.023 -0.01 0.002 0.38 0.014 0.01 0.002 0.04 0.042 
189 0.09 0.011 0.01 0.002 0.02 0.005 0.00 0.002 0.04 0.004 0.01 0.001 0.05 0.017 
190 0.17 0.013 0.02 0.004 0.06 0.018 0.01 0.002 0.14 0.005 0.02 0.002 0.09 0.006 
191 0.01 0.003 0.10 0.168 0.03 0.005 0.00 0.000 0.01 0.003 0.01 0.000 0.03 0.005 
192 0.22 0.012 0.01 0.005 0.05 0.018 0.00 0.001 0.13 0.026 0.03 0.001 0.14 0.053 
193 0.24 0.024 0.01 0.003 0.13 0.013 0.00 0.002 0.16 0.020 0.01 0.003 0.16 0.024 
194 0.24 0.030 0.02 0.008 0.00 0.006 0.00 0.001 0.12 0.009 0.03 0.008 0.13 0.035 
196 0.02 0.015 0.01 0.002 0.06 0.014 0.00 0.001 0.06 0.009 0.01 0.002 0.03 0.036 
197 0.03 0.014 0.01 0.002 0.05 0.013 0.00 0.002 0.10 0.006 0.01 0.002 0.07 0.033 
198 0.13 0.019 0.01 0.001 0.07 0.016 0.03 0.002 0.04 0.008 0.29 0.024 0.06 0.020 
199 1.00 0.060 0.50 0.024 0.01 0.005 0.38 0.022 0.20 0.017 0.00 0.002 0.55 0.049 
201 0.25 0.022 0.01 0.003 0.10 0.022 0.06 0.005 0.09 0.019 0.44 0.011 0.05 0.017 
204 0.14 0.009 0.01 0.001 0.11 0.022 0.07 0.004 0.06 0.007 1.00 0.037 0.06 0.013 
207 0.04 0.007 0.50 0.037 0.01 0.017 0.00 0.001 0.09 0.008 0.01 0.001 0.04 0.021 
208 0.08 0.020 0.06 0.020 0.09 0.019 0.03 0.008 0.05 0.008 0.03 0.009 0.05 0.004 
210 0.30 0.023 0.22 0.011 1.00 0.160 1.00 0.039 1.00 0.024 0.77 0.021 0.45 0.028 
214 0.18 0.010 0.05 0.046 0.10 0.040 0.00 0.001 0.11 0.005 0.01 0.002 0.05 0.020 
215 0.30 0.026 0.03 0.010 0.08 0.038 0.00 0.000 0.15 0.024 0.01 0.002 0.07 0.021 
216 0.54 0.043 0.03 0.010 0.03 0.007 0.01 0.003 0.12 0.005 0.02 0.002 0.14 0.016 
218 0.16 0.013 0.07 0.009 0.03 0.046 0.00 0.003 0.15 0.017 0.02 0.004 0.09 0.146 
222 0.33 0.024 0.05 0.021 0.09 0.028 0.02 0.003 0.15 0.011 0.04 0.002 0.07 0.021 
223 0.21 0.059 0.02 0.027 0.05 0.008 0.00 0.001 0.07 0.009 0.02 0.005 0.05 0.058 
306 0.00 0.003 0.01 0.007 -0.01 0.005 0.00 0.004 0.00 0.001 0.00 0.000 -0.03 0.045 
307 0.09 0.019 0.03 0.006 0.07 0.037 0.00 0.000 0.04 0.009 0.01 0.002 0.01 0.004 
309 0.01 0.002 0.01 0.008 0.02 0.006 0.00 0.001 0.02 0.008 0.01 0.002 0.01 0.002 
315 0.04 0.007 0.01 0.001 0.03 0.006 0.00 0.001 0.03 0.002 0.00 0.001 0.02 0.011 
316 0.02 0.006 0.01 0.003 0.01 0.002 0.00 0.001 0.03 0.005 0.01 0.002 0.01 0.006 
318 0.04 0.017 0.06 0.003 0.04 0.010 0.01 0.004 0.02 0.001 0.02 0.002 0.10 0.093 
323 0.03 0.035 0.01 0.002 0.04 0.010 0.02 0.002 0.07 0.016 0.01 0.001 0.12 0.024 
324 0.03 0.018 0.02 0.019 0.08 0.018 0.00 0.002 0.09 0.007 0.01 0.002 0.12 0.097 
325 0.03 0.009 0.01 0.001 0.08 0.019 0.02 0.003 0.11 0.018 0.00 0.001 0.24 0.017 
326 0.03 0.015 0.01 0.002 0.10 0.039 0.01 0.003 0.09 0.010 0.00 0.001 0.16 0.041 
327 0.02 0.011 -0.01 0.011 0.06 0.025 -0.01 0.001 0.13 0.019 0.00 0.002 0.10 0.010 
329 0.08 0.003 -0.01 0.006 0.05 0.015 0.00 0.001 0.11 0.007 0.01 0.003 0.15 0.128 
330 0.10 0.004 0.01 0.004 0.03 0.005 0.01 0.001 0.08 0.022 0.02 0.003 0.02 0.004 
331 0.13 0.015 0.02 0.008 0.04 0.014 0.01 0.002 0.12 0.020 0.04 0.004 0.03 0.018 
332 0.07 0.025 0.02 0.002 0.03 0.016 0.00 0.001 0.10 0.025 0.06 0.003 0.03 0.008 
336 0.02 0.004 0.00 0.006 0.01 0.006 0.00 0.001 0.06 0.022 0.00 0.001 0.03 0.003 
337 0.01 0.005 0.00 0.001 0.02 0.003 0.00 0.000 0.02 0.004 0.01 0.004 0.02 0.004 
338 0.01 0.002 0.00 0.004 0.04 0.005 0.00 0.001 0.03 0.002 0.02 0.007 0.03 0.013 
357 0.05 0.008 0.02 0.002 0.07 0.013 0.03 0.005 0.09 0.017 0.02 0.002 0.13 0.017 
358 0.02 0.005 0.01 0.002 0.06 0.021 0.01 0.002 0.18 0.011 0.00 0.001 0.08 0.063 
359 0.07 0.031 0.14 0.178 0.20 0.017 0.11 0.031 0.91 0.036 0.10 0.014 0.80 0.177 
360 0.03 0.006 0.02 0.003 0.05 0.007 0.02 0.001 0.07 0.004 0.01 0.003 0.05 0.012 
361 -0.01 0.003 0.00 0.003 0.05 0.009 0.00 0.002 0.11 0.027 0.00 0.001 0.03 0.010 
363 0.02 0.006 0.01 0.001 0.04 0.005 0.03 0.001 0.10 0.009 0.06 0.004 0.08 0.014 
364 0.01 0.001 0.00 0.001 0.03 0.006 0.00 0.001 0.07 0.019 0.01 0.001 0.02 0.006 
369 0.03 0.008 0.00 0.001 0.03 0.017 0.00 0.001 0.06 0.007 0.02 0.002 0.02 0.008 







CH4 C. perfringens C. difficile S. mutans Clinical 1 Clinical 2 
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
375 0.05 0.012 0.08 0.110 0.04 0.010 0.00 0.001 0.02 0.003 0.00 0.000 0.01 0.007 
387 0.10 0.016 0.02 0.006 0.10 0.015 0.01 0.002 0.08 0.025 0.01 0.002 0.03 0.023 
389 0.06 0.022 0.35 0.378 0.07 0.048 0.00 0.001 0.06 0.011 0.00 0.002 0.02 0.018 
390 0.03 0.017 0.02 0.004 -0.01 0.015 0.00 0.001 0.04 0.013 0.00 0.002 0.01 0.009 
393 0.07 0.016 0.04 0.011 0.07 0.012 0.02 0.004 0.10 0.020 0.03 0.004 0.07 0.021 
394 0.01 0.007 0.02 0.012 0.03 0.010 0.00 0.003 0.09 0.020 0.01 0.002 0.07 0.133 
395 0.02 0.009 0.02 0.003 0.01 0.005 0.02 0.004 0.25 0.012 0.02 0.002 0.07 0.013 
396 0.02 0.010 0.01 0.002 0.02 0.033 0.00 0.000 0.10 0.021 0.00 0.004 0.02 0.017 
397 0.06 0.002 0.00 0.009 0.02 0.011 0.00 0.001 0.05 0.007 0.01 0.004 0.02 0.020 
398 0.07 0.019 0.00 0.003 0.05 0.014 0.00 0.002 0.15 0.014 0.00 0.001 0.08 0.014 
399 0.00 0.009 0.00 0.015 0.03 0.013 0.00 0.000 0.07 0.007 0.01 0.004 0.07 0.024 
400 0.01 0.008 0.01 0.003 0.05 0.012 0.00 0.001 0.08 0.017 0.01 0.004 0.04 0.007 
401 0.04 0.030 0.00 0.005 0.03 0.007 0.00 0.002 0.07 0.003 0.02 0.007 0.07 0.009 
406 0.11 0.016 0.00 0.005 0.07 0.042 0.00 0.001 0.07 0.005 0.01 0.001 0.09 0.065 
411 0.17 0.048 0.06 0.010 0.12 0.023 0.08 0.008 0.26 0.018 0.11 0.022 0.04 0.015 
412 0.11 0.012 0.00 0.001 0.10 0.033 0.00 0.001 0.10 0.007 0.02 0.001 0.07 0.021 
413 0.13 0.036 0.01 0.009 0.07 0.059 0.00 0.001 0.09 0.010 0.01 0.002 0.08 0.063 
414 0.00 0.002 0.00 0.001 0.07 0.020 0.00 0.001 0.05 0.003 0.00 0.001 0.02 0.007 
415 0.08 0.010 0.01 0.010 0.05 0.008 0.00 0.001 0.11 0.022 0.02 0.002 0.15 0.096 
416 0.03 0.007 0.01 0.002 0.27 0.048 0.03 0.005 0.32 0.016 0.03 0.002 0.10 0.009 
417 0.15 0.017 0.02 0.004 0.03 0.013 0.01 0.002 0.08 0.005 0.01 0.001 0.11 0.058 
418 0.17 0.020 0.02 0.007 0.02 0.003 0.00 0.002 0.09 0.024 0.02 0.002 0.06 0.015 
419 0.17 0.019 0.02 0.003 0.09 0.016 0.02 0.001 0.13 0.024 0.03 0.001 0.10 0.078 
420 0.07 0.009 0.01 0.002 0.06 0.016 0.00 0.001 0.21 0.021 0.01 0.001 0.06 0.012 
421 0.09 0.015 0.02 0.002 0.04 0.006 0.01 0.000 0.08 0.018 0.01 0.001 0.07 0.020 
423 0.03 0.025 0.00 0.005 0.08 0.025 0.00 0.002 0.12 0.019 0.01 0.005 0.12 0.066 
426 0.05 0.009 0.00 0.005 0.11 0.047 0.00 0.001 0.12 0.008 0.01 0.003 0.07 0.013 
427 0.13 0.015 0.01 0.018 0.07 0.025 0.01 0.002 0.15 0.006 0.01 0.003 0.03 0.015 
428 0.07 0.032 0.00 0.018 0.15 0.029 0.00 0.002 0.12 0.019 0.01 0.004 0.09 0.030 
429 0.05 0.006 0.02 0.003 0.04 0.014 0.01 0.001 0.10 0.007 0.03 0.005 0.12 0.064 
430 0.03 0.006 0.02 0.004 0.04 0.011 0.01 0.002 0.11 0.009 0.04 0.004 0.05 0.005 
431 0.20 0.021 0.03 0.005 0.06 0.019 0.00 0.002 0.11 0.015 0.04 0.005 0.08 0.037 
432 0.03 0.006 0.01 0.006 0.10 0.030 0.02 0.003 0.26 0.023 0.03 0.003 0.06 0.017 
434 0.05 0.010 0.00 0.002 0.01 0.004 0.00 0.001 0.03 0.002 0.00 0.003 0.06 0.027 
435 0.12 0.034 0.02 0.009 0.03 0.008 0.01 0.003 0.06 0.007 0.01 0.001 0.05 0.014 
437 0.13 0.017 0.00 0.004 0.03 0.009 0.00 0.002 0.08 0.020 0.01 0.001 0.06 0.015 
442 0.04 0.010 0.10 0.112 0.05 0.019 0.00 0.001 0.04 0.004 0.00 0.001 0.01 0.006 
443 0.01 0.009 0.07 0.116 0.03 0.009 0.00 0.002 0.08 0.014 0.01 0.003 0.06 0.019 
444 0.05 0.010 0.03 0.009 0.06 0.007 0.00 0.005 0.10 0.031 0.01 0.001 0.05 0.023 
446 0.02 0.012 0.01 0.007 0.06 0.010 0.01 0.002 0.08 0.012 0.01 0.002 0.11 0.077 
449 0.04 0.006 0.02 0.010 0.06 0.016 0.00 0.002 0.05 0.007 0.01 0.003 0.02 0.097 
450 0.02 0.055 0.01 0.003 0.12 0.014 0.00 0.002 0.20 0.025 0.03 0.010 0.17 0.030 
452 0.03 0.011 0.00 0.005 0.06 0.006 0.00 0.001 0.12 0.008 0.01 0.001 0.06 0.034 
453 0.12 0.019 0.01 0.008 0.04 0.017 0.00 0.000 0.04 0.004 0.02 0.001 0.04 0.009 
458 0.11 0.006 0.01 0.005 0.27 0.084 0.01 0.002 0.24 0.021 0.02 0.003 0.08 0.138 
459 0.02 0.002 0.02 0.003 0.04 0.013 0.01 0.002 0.10 0.021 0.02 0.003 0.05 0.009 
460 0.04 0.006 0.01 0.002 0.06 0.010 0.00 0.001 0.09 0.004 0.01 0.001 0.04 0.018 
462 0.00 0.005 0.00 0.001 0.04 0.007 0.01 0.004 0.06 0.022 0.01 0.003 0.01 0.005 
465 0.02 0.006 0.02 0.005 0.02 0.003 0.00 0.001 0.02 0.003 0.01 0.002 0.04 0.022 
467 0.04 0.008 0.02 0.003 0.03 0.014 0.00 0.002 0.04 0.006 0.00 0.002 0.05 0.007 
468 0.01 0.016 0.00 0.003 0.04 0.012 0.00 0.001 0.07 0.020 0.00 0.002 0.03 0.010 
469 0.09 0.009 0.02 0.020 0.05 0.024 0.00 0.004 0.07 0.009 0.01 0.001 0.08 0.010 
470 0.00 0.005 0.00 0.003 0.13 0.018 0.03 0.005 0.17 0.018 0.03 0.005 0.03 0.008 
474 0.07 0.013 0.01 0.001 0.10 0.031 0.01 0.001 0.14 0.017 0.02 0.003 0.03 0.006 
475 0.02 0.013 0.00 0.001 0.03 0.010 0.00 0.001 0.02 0.002 0.00 0.001 0.01 0.004 
476 0.01 0.003 0.01 0.004 0.06 0.012 0.00 0.002 0.04 0.005 0.02 0.003 0.02 0.008 
477 0.11 0.017 0.01 0.006 0.03 0.006 0.00 0.001 0.05 0.018 0.02 0.002 0.06 0.030 
481 0.08 0.012 0.02 0.008 0.03 0.004 0.00 0.000 0.05 0.002 0.01 0.001 0.06 0.015 
485 0.10 0.028 0.01 0.002 0.01 0.005 0.00 0.001 0.10 0.006 0.03 0.001 0.10 0.039 
493 0.07 0.016 0.03 0.010 0.16 0.046 0.00 0.002 0.10 0.014 0.01 0.001 0.10 0.078 
496 0.03 0.005 0.00 0.002 0.10 0.015 0.00 0.001 0.07 0.005 0.03 0.004 0.05 0.006 
497 0.15 0.010 0.01 0.012 0.06 0.027 0.00 0.001 0.08 0.023 0.02 0.006 0.08 0.012 
499 0.06 0.011 0.02 0.042 0.02 0.013 0.00 0.001 0.04 0.006 0.01 0.003 0.02 0.011 
500 0.08 0.019 0.01 0.005 0.09 0.049 0.00 0.001 0.15 0.024 0.02 0.002 0.06 0.008 
504 0.03 0.012 0.01 0.003 0.07 0.014 0.01 0.002 0.08 0.009 0.02 0.003 0.03 0.007 







CH4 C. perfringens C. difficile S. mutans Clinical 1 Clinical 2 
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
508 0.08 0.016 0.02 0.004 0.07 0.021 0.00 0.000 0.13 0.021 0.02 0.002 0.01 0.095 
509 0.08 0.008 0.01 0.003 0.06 0.009 0.00 0.001 0.06 0.008 0.01 0.003 0.04 0.007 
511 0.04 0.012 0.02 0.002 0.04 0.023 0.00 0.001 0.07 0.018 0.00 0.001 0.07 0.027 
512 0.01 0.003 0.00 0.003 0.12 0.019 0.01 0.002 0.21 0.037 0.01 0.002 0.05 0.014 
513 0.02 0.005 0.00 0.001 0.03 0.007 0.00 0.000 0.02 0.003 0.01 0.002 0.03 0.010 
514 0.02 0.017 0.01 0.002 0.13 0.043 0.02 0.002 0.21 0.005 0.02 0.001 0.04 0.019 
515 0.03 0.005 0.01 0.001 0.02 0.003 0.00 0.001 0.01 0.001 0.01 0.001 0.03 0.005 
517 0.10 0.013 0.02 0.004 0.06 0.015 0.01 0.002 0.04 0.005 0.03 0.003 0.04 0.024 
518 0.04 0.004 0.01 0.004 0.04 0.014 0.01 0.003 0.05 0.003 0.02 0.002 0.08 0.024 
519 0.12 0.035 0.02 0.007 0.14 0.017 0.02 0.002 0.20 0.009 0.04 0.007 0.09 0.027 
520 0.02 0.008 0.00 0.004 0.05 0.010 0.00 0.002 0.18 0.011 0.01 0.001 0.08 0.029 
522 0.00 0.002 0.00 0.002 0.03 0.014 0.00 0.002 0.22 0.090 0.01 0.001 0.03 0.014 
523 0.14 0.014 0.02 0.006 0.11 0.015 0.02 0.005 0.17 0.012 0.03 0.003 0.07 0.010 























Results for C. jejuni, C. perfringens, C. difficile, S. mutans and two clinical bacterial 
cocaktails-polyurethane binding analysis. The fluorescence intensities were normalised by 
dividing the whole set of the highest fluorescence value examined per polymer microarray. 
Mean: Mean normalised fluorescence intensity; SD: Standard deviation. 
PU 
C. jejuni  
11168 
C. jejuni  
CH4 C. perfringens C. difficile S. mutans Clinical 1 Clinical 2 
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
1 0.04 0.020 0.04 0.003 0.03 0.016 0.00 0.001 0.01 0.003 0.00 0.002 0.01 0.002 
2 0.07 0.017 0.00 0.001 0.06 0.022 0.00 0.001 0.02 0.013 0.01 0.003 0.01 0.009 
3 0.09 0.018 0.02 0.029 0.08 0.006 0.00 0.001 0.04 0.004 0.01 0.001 0.01 0.006 
4 0.09 0.023 0.02 0.035 0.03 0.023 0.00 0.002 0.04 0.007 0.01 0.003 0.03 0.124 
5 0.01 0.005 0.08 0.006 0.01 0.003 0.00 0.001 0.01 0.001 0.00 0.001 0.01 0.005 
7 0.05 0.013 0.02 0.006 0.03 0.007 0.00 0.000 0.01 0.002 0.00 0.001 0.00 0.004 
8 0.08 0.008 0.09 0.126 0.04 0.019 0.00 0.001 0.04 0.006 0.01 0.002 0.02 0.068 
10 0.03 0.010 0.00 0.005 0.01 0.005 0.00 0.002 0.02 0.004 0.01 0.004 0.00 0.000 
12 0.07 0.010 0.01 0.005 0.10 0.028 0.00 0.001 0.11 0.004 0.02 0.002 0.03 0.009 
13 0.13 0.009 0.00 0.001 0.06 0.007 0.00 0.001 0.14 0.018 0.01 0.001 0.06 0.024 
14 0.12 0.008 0.00 0.005 0.07 0.020 0.00 0.001 0.13 0.006 0.01 0.001 0.03 0.013 
16 0.01 0.005 0.00 0.005 0.01 0.002 0.01 0.005 0.01 0.002 0.02 0.007 0.00 0.006 
17 0.09 0.030 0.01 0.018 0.08 0.032 0.02 0.034 0.14 0.027 0.01 0.002 0.13 0.040 
18 0.15 0.069 0.04 0.005 0.16 0.057 0.01 0.006 0.24 0.016 0.06 0.010 0.22 0.057 
19 0.08 0.017 0.01 0.002 0.03 0.022 0.01 0.002 0.10 0.021 0.01 0.002 0.02 0.019 
20 0.04 0.006 0.00 0.002 0.01 0.009 0.00 0.002 0.03 0.002 0.00 0.003 0.01 0.009 
22 0.08 0.007 0.00 0.002 0.02 0.011 0.00 0.003 0.04 0.016 0.00 0.001 -0.01 0.055 
23 0.11 0.011 0.00 0.001 0.06 0.013 0.00 0.001 0.04 0.015 0.01 0.005 -0.02 0.059 
24 0.05 0.015 0.00 0.002 0.05 0.016 0.00 0.001 0.04 0.011 0.01 0.004 0.01 0.006 
25 0.14 0.025 0.00 0.003 0.07 0.014 0.01 0.005 0.12 0.008 0.03 0.005 0.05 0.017 
25 0.12 0.008 0.00 0.010 0.05 0.012 0.00 0.002 0.04 0.006 0.01 0.000 0.01 0.005 
27 0.16 0.015 0.01 0.008 0.03 0.008 0.00 0.002 0.07 0.005 0.02 0.002 0.04 0.004 
28 0.14 0.005 0.00 0.002 -0.05 0.180 0.00 0.002 0.10 0.008 0.00 0.001 0.03 0.008 
29 0.18 0.014 0.01 0.013 0.06 0.035 0.00 0.001 0.13 0.037 0.02 0.005 0.04 0.426 
33 0.04 0.010 0.00 0.002 0.01 0.005 0.00 0.001 0.06 0.015 0.01 0.002 0.05 0.007 
35 0.10 0.009 0.00 0.004 0.01 0.003 0.00 0.001 0.05 0.009 0.01 0.002 0.05 0.045 
39 0.10 0.015 0.01 0.002 0.03 0.004 0.00 0.000 0.08 0.005 0.01 0.002 0.03 0.034 
41 0.16 0.048 0.00 0.002 0.13 0.023 0.00 0.001 0.14 0.019 0.02 0.002 0.06 0.007 
46 0.08 0.039 0.00 0.011 0.07 0.019 0.01 0.001 0.11 0.006 0.01 0.002 0.29 0.068 
48 0.13 0.016 0.06 0.072 0.07 0.057 0.01 0.002 0.09 0.010 0.02 0.004 0.03 0.029 
53 0.23 0.021 0.02 0.007 0.02 0.002 0.00 0.001 0.15 0.026 0.02 0.002 0.08 0.047 
61 0.00 0.002 0.00 0.001 0.01 0.004 0.00 0.001 0.03 0.010 0.00 0.003 0.04 0.076 
63 0.05 0.007 0.01 0.006 0.07 0.022 0.00 0.001 0.03 0.006 0.01 0.002 0.04 0.046 
67 0.15 0.017 0.17 0.292 0.08 0.022 0.01 0.001 0.07 0.013 0.01 0.002 0.03 0.016 
69 0.16 0.010 0.02 0.011 0.10 0.029 0.01 0.003 0.16 0.020 0.02 0.001 0.10 0.016 
69 0.09 0.010 0.01 0.003 0.01 0.005 0.00 0.001 0.05 0.004 0.01 0.002 0.03 0.009 
71 0.16 0.045 0.01 0.004 0.03 0.030 0.00 0.005 0.11 0.007 0.02 0.004 0.03 0.016 
73 0.07 0.014 0.00 0.003 0.05 0.017 0.00 0.000 0.06 0.018 0.01 0.001 -0.03 0.080 
77 0.11 0.019 -0.01 0.002 0.10 0.024 0.00 0.001 0.04 0.018 0.00 0.003 0.02 0.007 
77 0.10 0.024 0.00 0.001 0.05 0.020 0.00 0.001 0.09 0.012 0.01 0.002 0.22 0.378 
79 0.11 0.012 0.02 0.028 0.07 0.033 0.00 0.002 0.05 0.003 0.02 0.003 0.05 0.014 
81 0.17 0.010 0.03 0.031 0.04 0.012 0.01 0.002 0.09 0.009 0.02 0.002 0.06 0.008 
83 0.00 0.001 0.00 0.002 0.03 0.008 0.00 0.001 0.02 0.002 0.00 0.001 0.01 0.007 
85 0.02 0.004 0.02 0.011 0.08 0.008 0.01 0.003 0.06 0.006 0.02 0.002 0.06 0.011 
87 0.07 0.011 0.00 0.004 0.10 0.023 0.01 0.003 0.03 0.001 0.01 0.002 0.02 0.068 
89 0.51 0.093 0.25 0.041 0.14 0.015 0.08 0.023 0.21 0.006 0.19 0.012 0.82 0.038 
92 0.08 0.017 0.00 0.009 0.03 0.012 0.00 0.001 0.11 0.025 0.00 0.001 0.03 0.031 
93 0.14 0.012 0.03 0.010 0.22 0.064 0.01 0.003 0.15 0.008 0.02 0.002 0.06 0.018 
94 0.16 0.008 0.01 0.002 0.09 0.047 0.00 0.002 0.14 0.015 0.01 0.001 0.04 0.008 
95 0.13 0.018 0.01 0.005 0.08 0.030 0.02 0.003 0.11 0.004 0.03 0.005 0.10 0.092 
96 0.07 0.015 0.03 0.037 0.02 0.004 0.00 0.001 0.04 0.003 0.01 0.004 0.02 0.009 
97 0.14 0.018 0.01 0.004 0.02 0.008 0.00 0.001 0.05 0.003 0.01 0.004 0.03 0.010 
98 0.18 0.015 0.01 0.003 0.00 0.002 0.01 0.001 0.09 0.017 0.01 0.001 0.04 0.013 
99 0.22 0.028 0.01 0.009 0.02 0.007 0.00 0.002 0.09 0.018 0.02 0.003 0.06 0.004 
100 0.07 0.008 0.00 0.011 0.04 0.005 0.00 0.000 0.05 0.003 0.02 0.003 0.04 0.009 
101 0.02 0.014 -0.04 0.015 0.04 0.013 -0.02 0.002 0.09 0.009 -0.03 0.001 0.07 0.043 
102 0.11 0.024 0.02 0.012 0.07 0.026 0.01 0.001 0.13 0.024 0.01 0.001 0.12 0.058 
103 0.18 0.028 0.04 0.004 0.16 0.052 0.02 0.005 0.13 0.006 0.03 0.004 0.07 0.038 
104 0.11 0.020 0.01 0.002 0.03 0.014 0.00 0.001 0.07 0.004 0.01 0.002 0.03 0.012 




C. jejuni  
11168 
C. jejuni  
CH4 C. perfringens C. difficile S. mutans Clinical 1 Clinical 2 
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
108 0.14 0.016 0.01 0.004 0.02 0.007 0.00 0.001 0.07 0.004 0.02 0.002 0.04 0.004 
110 0.20 0.019 0.01 0.005 0.01 0.004 0.00 0.001 0.11 0.016 0.02 0.002 0.05 0.019 
112 0.14 0.033 0.01 0.005 0.01 0.008 0.00 0.001 0.11 0.021 0.03 0.007 0.02 0.005 
115 0.07 0.016 0.01 0.005 0.06 0.015 0.00 0.001 0.06 0.003 0.01 0.002 0.06 0.067 
116 0.13 0.006 0.01 0.004 0.07 0.029 0.01 0.003 0.06 0.008 0.02 0.004 0.06 0.015 
117 0.20 0.008 0.02 0.008 0.09 0.037 0.00 0.003 0.06 0.004 0.02 0.003 0.02 0.004 
118 0.21 0.026 0.02 0.009 0.19 0.100 0.02 0.003 0.23 0.024 0.05 0.006 0.20 0.118 
119 0.22 0.018 0.02 0.003 0.03 0.010 0.01 0.002 0.12 0.009 0.04 0.003 0.12 0.139 
120 0.13 0.009 0.02 0.003 0.06 0.039 0.01 0.001 0.04 0.003 0.03 0.002 0.09 0.015 
121 0.16 0.026 0.03 0.005 0.03 0.013 0.00 0.001 0.11 0.012 0.03 0.002 0.09 0.015 
122 0.24 0.031 0.00 0.008 0.03 0.033 0.00 0.002 0.14 0.030 0.03 0.003 0.05 0.023 
123 0.06 0.022 0.03 0.046 0.04 0.025 0.00 0.001 0.02 0.008 0.00 0.002 0.03 0.029 
124 0.10 0.026 -0.06 0.101 0.07 0.054 -0.01 0.007 0.06 0.012 0.00 0.001 0.01 0.014 
126 0.13 0.027 0.04 0.019 0.06 0.030 0.02 0.005 0.07 0.010 0.02 0.005 0.08 0.090 
128 0.12 0.020 0.02 0.007 0.06 0.019 0.00 0.001 0.05 0.010 0.01 0.005 0.06 0.139 
129 0.03 0.009 0.03 0.003 0.03 0.010 0.00 0.000 0.01 0.004 0.01 0.003 0.02 0.007 
130 0.06 0.011 0.02 0.003 0.02 0.030 0.00 0.001 0.03 0.004 0.01 0.003 0.03 0.057 
131 0.03 0.007 0.01 0.004 0.02 0.026 0.00 0.001 0.02 0.003 0.29 0.175 0.04 0.055 
132 0.13 0.022 0.00 0.014 0.11 0.015 0.01 0.001 0.14 0.010 0.01 0.002 0.02 0.018 
134 0.12 0.007 0.00 0.001 0.07 0.018 0.01 0.001 0.12 0.004 0.01 0.000 0.08 0.109 
135 0.17 0.015 0.04 0.004 0.19 0.068 0.01 0.002 0.13 0.017 0.07 0.004 0.24 0.017 
137 0.17 0.009 0.02 0.002 0.07 0.016 0.02 0.003 0.19 0.016 0.05 0.005 0.10 0.019 
138 0.16 0.014 0.03 0.002 0.08 0.014 0.02 0.001 0.10 0.004 0.05 0.002 0.09 0.019 
139 0.08 0.006 0.01 0.002 0.05 0.008 0.00 0.003 0.04 0.002 0.01 0.003 0.02 0.012 
140 0.03 0.008 0.01 0.010 0.07 0.012 0.00 0.002 0.03 0.003 0.01 0.004 0.03 0.009 
141 0.04 0.010 0.01 0.005 0.05 0.005 0.00 0.001 0.06 0.008 0.01 0.004 0.04 0.024 
142 0.26 0.014 0.05 0.011 0.19 0.010 0.05 0.002 0.12 0.010 0.05 0.002 0.16 0.029 
143 0.11 0.008 0.01 0.002 0.07 0.010 0.00 0.002 0.13 0.011 0.02 0.001 0.06 0.014 
144 0.12 0.022 0.05 0.052 0.17 0.118 0.01 0.005 0.09 0.006 0.02 0.005 0.10 0.036 
145 0.09 0.018 0.01 0.003 0.06 0.039 0.01 0.002 0.08 0.021 0.02 0.005 0.00 0.061 
148 0.20 0.016 0.01 0.009 0.04 0.007 0.01 0.001 0.10 0.011 0.04 0.006 0.08 0.017 
149 0.19 0.029 0.02 0.004 0.03 0.006 0.01 0.001 0.10 0.017 0.04 0.006 0.07 0.007 
151 0.05 0.013 0.01 0.005 0.06 0.017 0.00 0.000 0.13 0.016 0.01 0.002 0.03 0.019 
152 0.06 0.014 0.01 0.003 0.05 0.008 0.00 0.001 0.07 0.018 0.03 0.003 0.02 0.007 
153 0.11 0.011 0.01 0.002 0.11 0.013 0.00 0.001 0.16 0.009 0.03 0.003 0.10 0.027 
154 0.28 0.034 0.02 0.003 0.08 0.040 0.03 0.004 0.15 0.017 0.09 0.007 0.15 0.023 
156 0.09 0.013 0.02 0.006 0.03 0.009 0.00 0.002 0.09 0.015 0.00 0.001 0.05 0.014 
159 0.12 0.021 0.01 0.005 0.02 0.005 0.00 0.001 0.08 0.005 0.02 0.004 0.05 0.009 
161 0.06 0.008 0.03 0.005 0.01 0.012 0.00 0.001 0.03 0.004 0.01 0.007 0.06 0.080 
162 0.06 0.008 0.05 0.071 0.06 0.016 0.00 0.001 0.05 0.005 0.01 0.002 0.15 0.173 
163 0.11 0.015 0.03 0.007 0.18 0.045 0.01 0.003 0.08 0.023 0.02 0.001 0.06 0.017 
164 0.09 0.020 0.02 0.006 0.04 0.017 0.00 0.003 0.09 0.014 0.03 0.007 0.09 0.123 
166 0.21 0.011 0.07 0.098 0.02 0.004 0.00 0.001 0.14 0.009 0.04 0.005 0.03 0.015 
168 0.10 0.009 0.01 0.002 0.05 0.004 0.00 0.002 0.05 0.005 0.02 0.002 0.11 0.014 
171 0.10 0.010 0.01 0.012 0.08 0.025 0.00 0.001 0.07 0.019 0.02 0.002 0.04 0.013 
172 0.14 0.028 0.01 0.019 0.10 0.020 0.00 0.001 0.16 0.018 0.01 0.002 0.09 0.019 
173 0.05 0.004 0.00 0.001 0.06 0.012 0.00 0.001 0.07 0.019 0.01 0.001 0.02 0.011 
174 0.16 0.013 0.02 0.005 0.09 0.027 0.01 0.003 0.07 0.012 0.02 0.002 0.03 0.012 
175 0.13 0.013 0.00 0.002 0.03 0.010 0.01 0.002 0.08 0.009 0.02 0.002 -0.03 0.188 
178 0.02 0.010 0.00 0.004 0.03 0.013 0.00 0.002 0.04 0.004 0.00 0.001 0.07 0.069 
179 0.01 0.003 0.01 0.003 0.01 0.001 0.00 0.003 0.03 0.004 0.00 0.001 0.01 0.005 
181 0.09 0.013 0.01 0.006 0.10 0.031 0.01 0.004 0.04 0.004 0.02 0.003 0.05 0.056 
183 0.12 0.010 0.00 0.003 0.10 0.033 0.03 0.044 0.11 0.010 0.02 0.004 0.00 0.022 
184 0.14 0.007 0.01 0.007 0.07 0.026 0.01 0.001 0.15 0.019 0.01 0.002 0.04 0.007 
185 0.18 0.014 0.01 0.003 0.09 0.017 0.01 0.002 0.14 0.028 0.02 0.002 0.06 0.020 
187 0.15 0.013 0.03 0.005 0.10 0.031 0.00 0.002 0.17 0.010 0.02 0.002 0.04 0.009 
188 0.25 0.016 0.03 0.008 0.06 0.022 0.00 0.001 0.11 0.020 0.04 0.008 0.13 0.068 
189 0.12 0.024 0.03 0.018 0.22 0.074 0.00 0.002 0.05 0.003 0.01 0.005 0.04 0.011 
190 0.17 0.024 0.00 0.004 0.17 0.056 0.01 0.002 0.14 0.018 0.05 0.008 0.04 0.063 
191 0.02 0.005 0.02 0.004 0.01 0.007 0.00 0.004 0.03 0.001 0.01 0.002 0.12 0.052 
192 0.08 0.016 0.03 0.041 0.06 0.012 0.00 0.001 0.07 0.006 0.02 0.003 0.01 0.004 
196 0.14 0.012 0.02 0.004 0.11 0.043 0.00 0.001 0.12 0.012 0.01 0.002 0.09 0.068 
197 0.18 0.026 0.02 0.010 0.08 0.038 0.00 0.001 0.10 0.017 0.02 0.002 0.07 0.034 
199 0.18 0.023 0.02 0.002 0.02 0.016 0.00 0.001 0.10 0.017 0.02 0.005 0.02 0.042 
201 0.13 0.014 0.01 0.006 0.03 0.009 0.00 0.001 0.11 0.006 0.03 0.008 0.03 0.017 




C. jejuni  
11168 
C. jejuni  
CH4 C. perfringens C. difficile S. mutans Clinical 1 Clinical 2 
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
203 0.24 0.005 0.02 0.007 0.09 0.005 0.03 0.007 0.09 0.008 0.04 0.003 0.04 0.065 
204 0.19 0.011 0.01 0.003 0.17 0.056 0.03 0.003 0.11 0.028 0.03 0.003 0.05 0.020 
205 0.14 0.009 0.02 0.002 0.02 0.006 0.00 0.001 0.01 0.003 0.01 0.005 0.05 0.026 
205 0.05 0.016 0.05 0.082 0.01 0.005 0.00 0.004 0.05 0.003 0.01 0.003 0.02 0.016 
207 0.12 0.014 0.00 0.009 0.07 0.020 0.00 0.003 0.11 0.004 0.02 0.004 0.13 0.135 
208 0.28 0.023 0.06 0.011 0.11 0.024 0.03 0.002 0.15 0.021 0.07 0.009 0.05 0.022 
210 0.17 0.035 0.00 0.015 0.12 0.078 0.00 0.002 0.18 0.007 0.03 0.004 0.09 0.011 
212 0.21 0.021 0.02 0.003 0.05 0.015 0.01 0.003 0.15 0.006 0.03 0.006 0.10 0.017 
214 0.21 0.029 0.02 0.008 0.12 0.025 0.01 0.001 0.09 0.009 0.02 0.003 0.05 0.011 
215 0.07 0.027 0.00 0.002 0.07 0.017 0.00 0.003 0.08 0.014 0.02 0.003 0.04 0.016 
216 0.11 0.024 0.00 0.005 0.09 0.016 0.00 0.001 0.08 0.009 0.01 0.003 0.02 0.013 
217 0.23 0.060 0.09 0.080 0.20 0.062 0.02 0.011 0.22 0.014 0.04 0.005 0.11 0.010 
218 0.11 0.018 0.01 0.005 0.06 0.036 0.00 0.001 0.05 0.004 0.02 0.007 0.03 0.074 
219 0.13 0.045 0.01 0.011 0.15 0.048 0.01 0.003 0.15 0.027 0.02 0.005 0.22 0.052 
220 0.05 0.005 0.02 0.008 0.05 0.006 0.01 0.001 0.05 0.001 0.01 0.002 0.02 0.007 
221 0.21 0.019 0.02 0.003 0.20 0.042 0.02 0.005 0.21 0.010 0.05 0.018 0.10 0.057 
222 0.16 0.031 0.01 0.003 0.05 0.011 0.00 0.002 0.06 0.005 0.03 0.006 0.03 0.012 
223 0.14 0.013 0.01 0.001 0.02 0.006 0.00 0.001 0.08 0.012 0.02 0.002 0.03 0.030 
224 0.28 0.028 0.02 0.005 0.07 0.031 0.00 0.003 0.13 0.013 0.02 0.003 0.07 0.004 
225 0.23 0.016 0.02 0.006 0.01 0.006 0.00 0.001 0.15 0.010 0.03 0.004 0.02 0.009 
226 0.13 0.016 0.01 0.005 0.10 0.037 0.01 0.003 0.05 0.007 0.02 0.001 0.04 0.046 
227 0.06 0.020 0.01 0.006 0.04 0.013 0.00 0.001 0.02 0.001 0.01 0.002 0.01 0.009 
228 0.12 0.028 0.04 0.050 0.07 0.022 0.00 0.001 0.07 0.012 0.00 0.002 -0.03 0.054 
229 0.09 0.025 0.00 0.003 0.02 0.025 0.00 0.001 0.03 0.006 0.01 0.004 0.05 0.134 
230 0.10 0.012 0.01 0.002 0.04 0.016 0.00 0.001 0.05 0.004 0.02 0.002 0.03 0.012 
233 0.11 0.011 0.03 0.018 0.01 0.005 0.00 0.001 0.07 0.006 0.02 0.002 0.04 0.020 
234 0.17 0.022 0.00 0.003 0.04 0.173 0.00 0.002 0.18 0.019 0.02 0.002 0.08 0.007 
235 0.12 0.011 0.02 0.002 0.01 0.005 0.00 0.001 0.13 0.018 0.03 0.004 0.18 0.071 
236 0.21 0.020 0.01 0.007 0.08 0.080 0.00 0.002 0.17 0.009 0.03 0.001 0.05 0.012 
239 0.13 0.020 0.01 0.010 0.04 0.010 0.00 0.001 0.06 0.040 0.01 0.001 -0.04 0.092 
241 0.11 0.010 0.02 0.008 0.22 0.128 0.00 0.002 0.19 0.017 0.02 0.003 0.05 0.028 
242 0.09 0.020 0.01 0.005 0.01 0.014 0.00 0.001 0.03 0.003 0.01 0.002 0.05 0.040 
244 0.12 0.028 0.01 0.001 0.02 0.006 0.00 0.001 0.10 0.014 0.01 0.001 0.07 0.020 
245 0.19 0.024 0.01 0.003 0.10 0.012 0.01 0.003 0.13 0.009 0.05 0.004 0.06 0.022 
246 0.23 0.055 0.03 0.005 0.05 0.011 0.01 0.001 0.09 0.003 0.02 0.007 0.07 0.040 
247 0.21 0.059 0.02 0.005 0.13 0.044 0.01 0.003 0.11 0.009 0.07 0.018 0.05 0.009 
250 0.18 0.013 0.01 0.003 0.12 0.033 0.03 0.004 0.11 0.004 0.01 0.001 0.08 0.020 
253 0.13 0.011 0.01 0.003 0.06 0.044 0.00 0.001 0.09 0.019 0.01 0.001 0.06 0.010 
254 0.20 0.011 0.03 0.035 0.14 0.109 0.01 0.001 0.15 0.019 0.02 0.003 0.09 0.028 
256 0.18 0.005 0.04 0.003 0.19 0.043 0.02 0.001 0.15 0.008 0.04 0.001 0.09 0.018 
257 0.21 0.034 0.01 0.006 0.03 0.016 0.00 0.001 0.07 0.003 0.02 0.002 0.05 0.019 
259 0.11 0.012 0.01 0.001 0.07 0.029 0.01 0.002 0.10 0.008 0.01 0.004 0.06 0.011 
264 0.07 0.010 0.05 0.008 0.13 0.045 0.00 0.001 0.11 0.010 0.01 0.003 0.09 0.047 













Oocyst-polyacrylate binding analysis (average from 3 spots of same polymer). Mean: Mean 
number of oocysts; SD: Standard deviation. 
PA 
Number of oocysts  
(per polymer spot) PA 
Number of oocysts  
(per polymer spot) 
Mean SD Mean SD 
1 1 0.5 63 26 7.1 
2 4 2.1 98 87 6.9 
3 3 1.7 99 7 3.1 
4 1 0.5 100 20 7.7 
5 1 0.0 101 90 14.3 
6 1 0.5 102 8 0.5 
7 4 1.7 103 33 18.3 
8 1 0.0 104 65 27.8 
9 2 1.9 105 11 5.7 
10 1 0.0 106 8 4.1 
11 1 0.5 107 71 44.9 
12 2 1.9 108 3 1.6 
13 4 1.2 109 24 6.4 
14 1 0.5 110 6 1.4 
15 2 0.9 111 30 14.4 
16 1 0.5 113 6 5.0 
17 2 0.9 114 13 1.2 
19 2 1.2 115 72 9.7 
20 2 0.0 116 34 16.1 
21 3 2.4 117 31 6.9 
22 2 0.5 118 2 1.4 
23 1 0.0 119 6 0.9 
24 1 0.5 120 3 2.1 
25 2 0.8 121 39 14.6 
26 2 0.8 122 23 5.4 
27 1 0.5 123 9 2.4 
28 1 0.0 124 3 1.2 
29 1 0.0 125 17 18.7 
30 3 2.6 126 20 3.7 
31 2 0.5 127 14 1.4 
32 2 0.9 128 38 2.9 
33 1 0.0 129 2 1.4 
34 1 0.0 130 8 3.4 
35 3 0.0 131 1 0.5 
36 2 1.9 132 9 6.2 
37 2 0.8 133 12 5.9 
38 1 0.0 134 5 2.1 
39 1 0.5 135 7 2.9 
40 2 0.9 136 14 4.6 
41 3 0.9 137 3 1.2 
42 1 0.0 138 16 5.9 
43 2 0.8 139 11 3.4 
44 2 0.9 140 4 2.1 
45 1 0.0 142 5 2.2 
46 4 1.6 143 8 4.5 
47 7 4.9 150 8 0.9 
48 3 1.7 152 20 12.5 
49 5 2.1 153 12 10.5 
50 1 0.5 154 47 9.5 
51 1 0.5 155 1 0.0 
52 2 1.9 156 8 7.1 
53 3 1.7 157 8 9.4 
54 3 2.8 158 7 4.3 
55 1 0.5 159 1 0.0 
56 1 0.5 160 1 0.0 
57 1 0.5 161 18 22.6 
58 2 0.8 162 1 0.0 
59 7 2.5 163 1 0.0 
60 1 0.0 164 1 0.5 
61 1 0.0 165 58 4.5 




Number of oocysts  
(per polymer spot) PA 
Number of oocysts  
(per polymer spot) 
Mean SD Mean SD 
168 12 3.3 236 9 2.2 
169 1 0.5 237 1 0.0 
170 2 1.4 238 2 0.8 
172 1 0.0 240 8 2.9 
173 2 0.9 241 22 5.8 
174 3 0.8 242 74 12.4 
175 10 2.4 243 11 1.7 
176 3 0.0 244 16 7.4 
177 2 0.9 245 2 1.4 
178 1 0.0 246 43 13.9 
179 1 0.5 247 33 3.3 
180 1 0.0 248 53 9.7 
181 1 0.0 249 6 0.5 
182 25 6.6 250 33 2.9 
182 2 0.5 251 4 2.1 
184 4 1.7 252 10 0.8 
185 1 0.5 253 31 11.4 
186 1 0.0 254 20 2.6 
187 1 0.0 255 13 1.2 
188 7 6.8 256 15 6.2 
189 9 5.9 257 36 1.6 
190 1 0.5 258 5 1.2 
191 2 0.9 259 13 3.7 
192 2 0.9 260 3 0.5 
193 3 1.7 261 7 6.9 
194 8 4.5 262 32 8.6 
195 2 0.9 264 25 6.7 
196 2 0.8 265 7 3.8 
197 6 3.1 266 27 5.7 
198 7 4.1 267 16 4.0 
199 1 0.0 268 22 4.9 
200 3 0.8 270 12 12.4 
201 2 0.5 271 1 0.0 
202 1 0.0 273 16 4.7 
203 7 7.8 274 24 6.8 
204 3 2.4 276 17 9.0 
205 1 0.0 277 1 0.0 
206 2 0.5 279 8 1.7 
207 2 1.2 280 3 1.7 
208 2 0.5 281 20 3.9 
209 2 0.8 285 2 0.8 
210 1 0.0 291 7 4.3 
213 2 0.8 296 167 40.3 
214 3 1.7 303 15 4.6 
215 1 0.0 304 10 5.4 
216 4 1.2 305 2 0.8 
218 2 0.5 306 2 0.9 
219 8 8.5 309 27 11.9 
220 1 0.5 315 1 0.0 
221 4 3.4 316 4 1.6 
222 1 0.5 318 19 14.4 
223 2 0.8 319 6 3.7 
224 3 3.3 320 2 0.9 
225 3 1.9 321 21 7.9 
226 5 1.7 322 14 5.9 
227 3 0.8 323 17 2.6 
228 1 0.0 324 1 0.0 
229 20 6.6 327 1 0.0 
230 3 2.8 329 18 17.2 
231 1 0.0 330 3 2.6 
232 3 0.9 331 1 0.0 
233 43 13.2 332 2 1.9 
234 2 1.9 335 8 5.4 




Number of oocysts  
(per polymer spot) PA 
Number of oocysts  
(per polymer spot) 
Mean SD Mean SD 
337 2 1.2 423 32 6.7 
338 1 0.0 424 22 22.4 
339 3 0.9 425 27 5.2 
348 1 0.5 426 45 24.1 
354 1 0.5 427 35 4.5 
355 6 2.4 428 22 4.2 
357 1 0.0 429 19 1.7 
358 13 9.0 430 43 11.3 
360 2 1.2 431 13 1.6 
361 5 2.1 432 40 15.6 
363 6 2.2 433 6 2.4 
364 78 65.7 434 5 3.3 
365 69 88.2 435 20 11.6 
366 1 0.5 436 47 2.8 
367 7 1.2 437 9 8.2 
368 43 13.1 442 7 2.5 
369 16 3.7 443 42 3.1 
370 11 6.2 444 10 8.5 
372 6 1.4 445 79 18.9 
373 15 5.4 446 16 4.0 
374 4 3.6 447 47 16.5 
375 2 0.5 448 5 2.8 
375 1 0.5 449 12 3.6 
376 8 4.6 450 27 3.6 
377 51 8.7 451 20 7.6 
378 1 0.0 452 34 20.5 
381 2 1.9 453 7 4.0 
384 2 0.5 454 31 11.7 
385 5 2.2 455 62 9.4 
386 17 8.6 457 11 1.9 
387 2 1.9 458 13 6.5 
388 2 0.8 459 28 5.1 
389 17 3.3 460 43 17.6 
390 4 2.2 461 8 4.2 
391 3 3.3 462 33 8.3 
392 8 4.0 463 20 3.6 
393 13 5.0 464 52 10.2 
394 18 10.9 465 25 6.2 
395 10 7.0 467 1 0.0 
396 6 3.1 468 25 16.4 
397 8 0.0 469 4 2.4 
398 14 3.3 470 24 7.6 
400 5 3.3 474 4 1.2 
401 65 41.3 475 8 3.7 
402 3 0.9 476 61 10.4 
403 2 0.0 477 9 1.9 
404 4 1.9 478 1 0.0 
405 6 1.4 480 15 4.6 
406 2 0.9 481 9 4.6 
407 12 2.5 482 4 1.7 
408 4 2.6 483 1 0.0 
410 7 4.5 484 15 6.2 
411 8 4.5 485 1 0.5 
412 9 5.6 486 17 7.1 
413 49 14.1 488 7 4.5 
414 57 14.7 489 3 1.7 
415 12 3.7 490 2 0.8 
416 91 18.5 491 3 2.2 
417 15 5.8 492 13 5.7 
418 13 9.5 493 3 1.7 
419 22 2.9 495 2 0.5 
420 55 19.7 496 40 17.9 
421 29 11.1 497 1 0.0 




Number of oocysts  
(per polymer spot) PA 
Number of oocysts  
(per polymer spot) 
Mean SD Mean SD 
499 2 0.5 535 10 7.1 
500 2 1.9 536 26 1.7 
501 1 0.0 537 6 5.0 
502 8 0.9 538 52 35.6 
504 10 7.1 539 50 14.1 
507 2 0.9 540 2 0.5 
508 61 23.7 541 4 3.1 
509 3 2.6 542 2 0.9 
510 1 0.5 543 58 40.7 
511 8 1.2 544 72 8.1 
512 96 12.3 545 12 4.1 
514 3 1.2 546 11 10.8 
515 1 0.5 547 40 29.9 
517 3 2.8 548 49 11.1 
518 1 0.0 549 3 0.8 
519 1 0.0 550 30 6.8 
520 2 0.8 551 18 4.2 
522 8 1.2 552 27 7.7 
523 4 1.2 553 4 2.9 
524 16 2.1 554 2 0.9 
525 1 0.0 555 17 3.1 
526 13 3.4 556 20 1.7 
527 87 13.2 557 12 6.5 
528 150 48.6 558 2 1.4 
529 23 6.5 559 45 1.6 
530 31 4.2 560 30 14.9 
531 107 28.0 561 50 14.7 
532 5 4.5 563 20 2.2 
533 1 0.0 564 9 3.3 



















Oocyst-polyurethane binding analysis (average from 3 spots of same polymer). Mean: Mean 
number of oocysts; SD: Standard deviation. 
PU 
Number of oocysts 
(per polymer spot) PU 
Number of oocysts 
(per polymer spot) 
Mean SD Mean SD 
1 16 10.0 106 1 0.5 
2 35 2.9 107 3 0.5 
3 29 15.8 108 1 0.0 
4 13 1.9 110 3 1.9 
5 6 4.5 111 1 0.0 
6 11 8.2 112 2 0.5 
7 11 1.7 114 1 0.0 
8 3 1.7 116 3 1.6 
9 12 2.6 117 2 0.5 
10 3 1.7 118 10 0.8 
11 7 2.1 119 7 2.2 
12 6 2.6 120 1 0.0 
13 13 6.8 121 2 0.8 
14 11 3.9 122 15 4.9 
15 11 4.9 123 1 0.0 
16 1 0.0 124 2 0.9 
17 8 9.4 125 5 3.6 
18 14 9.0 126 4 1.9 
19 5 3.3 127 14 5.4 
20 12 2.5 128 1 0.5 
21 2 1.9 129 7 1.2 
22 1 0.0 130 2 1.9 
23 4 1.7 131 6 4.6 
24 4 2.5 132 1 0.0 
25 7 1.2 133 3 1.7 
26 14 9.2 134 6 3.7 
27 15 9.0 135 3 2.8 
28 63 14.6 136 4 0.9 
29 8 5.2 137 1 0.0 
33 16 5.3 138 1 0.5 
35 21 7.0 139 12 3.7 
37 30 14.4 140 2 0.9 
39 3 2.6 141 4 1.4 
41 5 5.0 142 14 5.0 
48 26 5.7 143 9 1.7 
53 25 8.2 144 1 0.5 
61 2 0.9 145 1 0.5 
65 16 13.6 146 35 14.2 
67 12 8.2 147 18 6.9 
69 50 20.8 148 1 0.5 
71 21 10.4 149 6 3.4 
73 1 0.5 150 17 1.9 
77 1 0.0 151 9 1.2 
79 9 1.7 152 6 3.9 
81 11 1.9 153 9 4.2 
83 1 0.0 154 7 0.5 
85 1 0.0 156 6 0.5 
91 1 0.0 157 5 2.9 
92 1 0.0 158 2 1.4 
93 18 8.3 159 22 6.2 
94 3 2.4 161 16 2.2 
95 4 3.6 162 10 2.5 
96 1 0.0 163 11 4.6 
97 7 7.8 164 29 5.9 
98 4 2.2 165 5 0.8 
99 2 0.8 166 9 1.4 
100 1 0.0 167 32 5.9 
102 2 0.5 168 14 2.5 
103 1 0.5 169 11 2.4 
104 2 0.0 171 12 2.9 




Number of oocysts 
(per polymer spot) PU 
Number of oocysts 
(per polymer spot) 
Mean SD Mean SD 
173 10 11.3 223 3 1.7 
174 13 3.7 224 9 4.8 
175 4 2.8 225 1 0.0 
176 14 14.2 226 1 0.0 
178 17 2.1 227 7 2.5 
179 19 7.4 228 14 8.6 
181 6 4.1 229 3 0.9 
183 23 5.9 230 1 0.0 
184 10 2.9 233 1 0.0 
185 16 5.0 234 22 4.2 
186 14 2.2 235 4 1.9 
187 2 0.9 236 16 10.7 
188 5 0.5 238 16 11.2 
189 8 1.9 239 1 0.5 
190 1 0.0 241 2 1.4 
191 2 0.5 242 5 3.1 
192 5 0.5 244 2 0.9 
196 22 14.4 245 3 2.2 
197 1 0.5 246 1 0.0 
199 2 0.9 247 1 0.0 
201 4 1.7 249 2 1.4 
202 1 0.5 250 1 0.5 
203 19 10.2 252 7 5.8 
204 5 0.9 253 1 0.0 
205 7 3.6 254 1 0.0 
206 18 14.6 255 1 0.5 
207 1 0.5 256 10 2.5 
208 13 4.9 257 3 0.5 
210 15 3.7 259 1 0.5 
212 14 11.1 260 19 2.5 
213 1 0.0 263 21 8.0 
214 3 0.5 264 15 3.3 
215 25 16.4 269 9 3.3 
216 4 4.7 271 32 4.9 
217 9 4.7 275 10 2.5 
218 14 9.8 276 16 8.2 
219 1 0.0 277 8 5.4 
220 18 3.8 278 1 0.0 
221 9 1.2 39DE 4 0.8 















Cyst-polyacrylate binding analysis (average from 3 spots of same polymer). Mean: Mean 
number of cysts; SD: Standard deviation. 
PA 
Number of cysts 
(per polymer spot) PA 
Number of cysts 
(per polymer spot) 
Mean SD Mean SD 
1 9 3.3 63 1 0.0 
2 1 0.0 98 67 7.8 
3 6 2.1 99 3 1.6 
4 3 1.7 100 142 6.6 
5 3 2.1 101 151 16.2 
6 5 2.4 102 4 1.9 
7 22 23.4 103 29 13.5 
8 5 1.2 104 131 25.9 
9 4 3.8 105 3 0.8 
10 7 5.9 106 6 2.1 
11 5 4.3 107 59 42.0 
12 1 0.0 108 3 2.4 
13 13 5.9 109 5 4.8 
14 6 3.1 110 2 0.8 
15 2 0.8 111 7 1.7 
16 1 0.5 113 62 26.0 
17 10 2.9 114 6 2.9 
19 3 3.3 115 27 36.3 
20 3 2.2 116 39 53.5 
21 1 0.0 117 30 13.5 
22 3 1.4 118 28 27.7 
23 2 0.9 119 1 0.0 
24 1 0.0 120 2 1.4 
25 1 0.5 121 12 15.3 
26 6 1.7 122 43 6.1 
27 1 0.5 123 72 43.6 
28 5 1.4 124 1 0.0 
29 1 0.5 125 67 59.5 
30 5 1.7 126 7 0.9 
31 1 0.0 127 17 0.9 
32 1 0.0 128 31 5.4 
33 1 0.0 129 1 0.0 
34 4 1.7 130 1 0.0 
35 1 0.0 131 1 0.0 
36 1 0.0 132 1 0.5 
37 1 0.5 133 1 0.0 
38 8 9.7 134 5 0.9 
39 1 0.0 135 1 0.0 
40 1 0.0 136 2 0.8 
41 1 0.0 137 1 0.0 
42 3 1.6 138 1 0.0 
43 1 0.0 139 1 0.5 
44 2 1.9 140 1 0.0 
45 1 0.0 142 1 0.0 
46 2 0.9 143 1 0.0 
47 3 0.5 150 17 22.2 
48 1 0.0 152 58 38.0 
49 1 0.0 153 1 0.0 
50 4 0.8 154 2 0.9 
51 1 0.5 155 75 53.7 
52 1 0.0 156 1 0.0 
53 1 0.5 157 1 0.0 
54 6 0.8 158 1 0.0 
55 1 0.0 159 1 0.0 
56 1 0.0 160 1 0.0 
57 1 0.0 161 3 1.7 
58 1 0.0 162 26 34.4 
59 3 0.9 163 1 0.5 
60 1 0.5 164 1 0.5 
61 2 0.5 165 77 60.0 




Number of cysts 
(per polymer spot) PA 
Number of cysts 
(per polymer spot) 
Mean SD Mean SD 
168 2 0.9 235 4 2.1 
169 15 8.7 236 45 29.9 
170 6 3.6 237 72 50.4 
170 11 6.9 238 3 1.7 
172 4 2.1 240 2 1.4 
173 10 6.2 241 18 23.8 
174 13 5.0 242 29 36.3 
175 18 12.1 243 4 2.2 
176 2 1.4 244 1 0.0 
177 12 16.0 245 7 4.2 
178 9 4.2 246 5 2.4 
179 4 1.2 247 9 4.1 
180 1 0.5 248 55 0.9 
181 39 10.6 249 3 0.5 
182 3 1.6 250 7 2.9 
182 18 3.3 251 4 2.9 
184 10 10.2 252 3 1.2 
185 15 3.6 253 15 9.9 
186 3 1.2 254 9 5.7 
187 7 5.3 255 2 0.8 
188 2 1.4 256 2 1.2 
189 5 5.4 257 5 0.8 
190 8 6.1 258 2 1.9 
191 1 0.0 259 8 8.1 
192 1 0.5 260 1 0.0 
193 8 5.0 261 5 3.3 
194 2 0.8 262 8 2.9 
195 2 1.4 264 4 2.1 
196 1 0.5 265 3 1.2 
197 21 8.2 266 52 33.7 
198 39 43.4 267 6 4.6 
199 2 0.9 268 56 35.0 
200 22 28.5 270 3 2.4 
201 4 1.2 271 1 0.0 
202 1 0.5 273 1 0.0 
203 1 0.0 274 2 0.5 
204 1 0.0 276 6 3.9 
205 3 1.7 277 1 0.0 
206 1 0.0 279 2 1.4 
207 2 0.5 280 39 25.9 
208 1 0.0 281 1 0.0 
209 4 2.5 285 4 2.9 
210 2 1.9 291 3 2.4 
213 4 2.5 296 117 16.1 
214 2 0.5 303 2 0.9 
215 2 0.8 304 1 0.5 
216 22 15.7 305 1 0.5 
218 13 8.5 306 1 0.0 
219 1 0.0 309 1 0.0 
220 2 0.8 315 2 0.9 
221 2 1.2 316 1 0.0 
222 1 0.0 318 1 0.0 
223 1 0.5 319 1 0.0 
224 2 0.5 320 46 63.2 
225 1 0.5 321 26 29.0 
226 1 0.0 322 3 2.6 
227 1 0.0 323 1 0.0 
228 1 0.0 324 3 0.5 
229 6 2.6 327 5 2.1 
230 3 1.7 329 2 1.9 
231 2 0.9 330 1 0.5 
232 2 1.9 331 2 1.4 
233 5 2.2 332 19 12.6 




Number of cysts 
(per polymer spot) PA 
Number of cysts 
(per polymer spot) 
Mean SD Mean SD 
336 40 53.3 419 3 0.9 
337 16 5.3 420 16 0.8 
338 9 2.1 421 2 0.5 
339 1 0.5 422 29 16.2 
340 4 4.2 423 6 4.1 
341 39 5.9 424 20 4.9 
342 26 3.4 425 2 1.2 
345 42 46.0 426 11 14.6 
348 3 1.7 427 24 9.0 
354 35 4.5 428 10 11.6 
355 19 9.8 429 1 0.0 
357 4 2.2 430 34 41.0 
358 37 14.1 431 5 3.1 
360 8 0.5 432 31 42.2 
361 8 5.1 433 1 0.0 
363 1 0.0 434 6 3.3 
364 25 14.2 435 12 1.4 
365 95 66.4 436 6 4.3 
366 2 1.4 437 2 0.8 
367 16 20.7 442 1 0.0 
368 21 2.4 443 58 5.7 
369 11 5.4 444 3 2.4 
370 5 2.1 445 80 7.7 
372 23 14.8 446 14 3.8 
373 33 34.1 447 69 5.9 
374 3 1.2 448 1 0.0 
375 3 2.2 449 2 0.8 
376 18 8.6 450 64 3.6 
377 66 37.0 451 4 1.2 
378 15 11.3 452 18 12.0 
381 1 0.5 453 8 6.9 
384 4 3.1 454 21 13.0 
385 2 0.9 455 30 41.5 
386 6 4.6 457 3 1.4 
387 1 0.5 458 39 20.5 
388 9 10.6 459 14 17.2 
389 13 3.7 460 100 32.3 
390 12 4.0 461 16 9.1 
391 7 7.3 462 57 26.2 
392 35 6.5 463 36 23.6 
393 17 3.6 464 88 61.4 
394 7 3.7 465 1 0.0 
395 89 5.9 467 2 0.8 
396 3 1.4 468 24 16.9 
397 16 4.5 469 1 0.5 
398 35 5.3 470 27 37.2 
400 22 15.0 474 40 19.2 
401 92 20.9 475 66 89.8 
402 1 0.5 476 59 40.2 
403 1 0.0 477 1 0.5 
404 1 0.0 478 15 10.1 
405 3 1.6 480 117 41.2 
406 2 1.9 481 2 0.9 
407 10 12.0 482 4 4.0 
408 4 2.2 483 2 0.5 
410 1 0.0 484 79 12.2 
411 1 0.0 485 1 0.0 
412 1 0.5 486 12 15.6 
413 2 0.0 488 100 35.3 
414 53 2.2 489 19 9.1 
415 10 1.7 490 35 45.1 
416 131 17.0 491 25 33.0 
417 3 2.2 492 56 42.9 




Number of cysts 
(per polymer spot) PA 
Number of cysts 
(per polymer spot) 
Mean SD Mean SD 
495 67 25.5 533 4 1.7 
496 87 33.6 534 45 7.3 
497 7 0.8 535 93 3.4 
498 53 36.9 536 119 30.0 
499 7 8.5 537 1 0.0 
500 56 35.2 538 89 60.4 
501 11 4.0 539 114 13.2 
502 77 25.2 540 6 4.5 
504 57 37.5 541 4 2.2 
507 3 3.3 542 2 0.9 
508 31 23.0 543 166 18.8 
509 35 20.5 544 59 9.6 
510 14 9.5 545 1 0.0 
511 14 4.2 546 5 2.2 
512 51 18.1 547 39 2.6 
514 19 15.1 548 54 15.1 
515 9 8.7 549 1 0.0 
517 19 3.3 550 4 1.7 
518 31 15.5 551 14 8.6 
519 11 7.5 552 4 2.9 
520 7 9.0 553 1 0.0 
522 9 6.2 554 4 2.9 
523 4 1.7 555 21 13.4 
524 5 1.6 556 1 0.0 
525 1 0.0 557 3 1.4 
526 87 47.8 558 1 0.0 
527 139 58.1 559 29 5.1 
528 34 43.6 560 5 5.4 
529 49 48.3 561 6 1.4 
530 59 43.4 563 2 1.4 
531 107 34.4 564 10 3.3 


















Cyst-polyurethane binding analysis (average from 3 spots of same polymer). Mean: Mean 
number of cysts; SD: Standard deviation. 
PU 
Number of cysts 
(per polymer spot) PU 
Number of cysts 
(per polymer spot) 
Mean SD Mean SD 
1 4 3.8 106 3 2.4 
2 1 0.0 107 26 7.9 
3 2 0.5 108 5 3.3 
4 1 0.5 110 6 5.7 
5 2 1.9 111 4 0.8 
6 9 4.5 112 16 9.2 
7 4 3.4 114 6 2.4 
8 1 0.0 116 3 1.4 
9 8 9.2 117 14 4.9 
10 3 1.9 118 3 3.3 
11 2 1.4 119 5 3.3 
12 1 0.5 120 1 0.5 
13 1 0.0 121 13 9.3 
14 1 0.0 122 8 3.7 
15 2 0.8 123 2 0.9 
16 1 0.5 124 1 0.0 
17 1 0.5 125 2 0.5 
18 1 0.5 126 5 5.2 
19 2 1.4 127 1 0.0 
20 1 0.0 128 3 2.4 
21 1 0.0 129 17 2.4 
22 1 0.0 130 1 0.0 
23 1 0.0 131 1 0.5 
24 1 0.5 132 1 0.0 
25 1 0.0 133 3 0.5 
26 4 4.2 134 24 1.2 
27 2 1.4 135 2 0.9 
28 1 0.5 136 32 18.4 
29 1 0.5 137 2 1.2 
33 1 0.0 138 1 0.0 
35 1 0.0 139 1 0.0 
37 1 0.0 140 2 0.9 
39 1 0.0 141 6 2.9 
41 1 0.0 142 9 5.9 
48 1 0.5 143 4 2.9 
53 1 0.0 144 7 6.6 
61 1 0.0 145 4 1.2 
65 1 0.5 146 10 1.6 
67 2 1.9 147 2 1.9 
69 4 2.4 148 6 3.9 
71 1 0.0 149 8 1.7 
73 1 0.0 150 9 5.4 
77 1 0.0 151 2 0.9 
79 1 0.0 152 1 0.0 
81 2 0.8 153 9 6.6 
83 2 0.8 154 3 1.7 
85 3 1.2 156 1 0.5 
91 1 0.5 157 1 0.0 
92 4 2.6 158 7 4.9 
93 3 2.4 159 13 4.9 
94 1 0.0 161 4 3.4 
95 2 1.4 162 2 0.8 
96 2 1.4 163 10 5.0 
97 1 0.5 164 6 2.6 
98 3 1.7 165 2 0.5 
99 7 2.2 166 3 0.5 
100 4 2.1 167 3 0.8 
102 8 6.2 168 2 1.9 
103 12 6.8 169 1 0.0 
104 38 48.1 171 1 0.0 




Number of cysts 
(per polymer spot) PU 
Number of cysts 
(per polymer spot) 
Mean SD Mean SD 
173 6 7.1 223 2 0.9 
174 6 5.0 224 1 0.0 
175 1 0.0 225 1 0.0 
176 68 43.9 226 1 0.5 
178 1 0.5 227 2 1.9 
179 2 0.5 228 1 0.0 
181 21 12.2 229 3 1.2 
183 30 18.1 230 1 0.0 
184 3 1.2 233 1 0.0 
185 1 0.0 234 4 1.4 
186 1 0.0 235 1 0.0 
187 2 1.4 236 1 0.0 
188 2 0.9 238 1 0.5 
189 2 0.9 239 1 0.0 
190 1 0.5 241 11 7.3 
191 1 0.0 242 1 0.0 
192 1 0.0 244 1 0.5 
196 2 0.5 245 4 3.1 
197 2 0.8 246 2 1.9 
199 1 0.5 247 1 0.5 
201 1 0.0 249 1 0.5 
202 1 0.0 250 23 2.6 
203 2 0.5 252 1 0.0 
204 1 0.0 253 3 1.7 
205 1 0.5 254 1 0.5 
206 1 0.0 255 5 2.9 
207 1 0.0 256 2 1.4 
208 1 0.0 257 1 0.5 
210 1 0.5 259 1 0.0 
212 1 0.0 260 12 9.1 
213 1 0.5 263 9 4.5 
214 2 0.9 264 2 0.5 
215 1 0.0 269 1 0.5 
216 1 0.5 271 49 4.2 
217 1 0.0 275 2 0.9 
218 5 2.6 276 4 2.2 
219 7 1.7 277 1 0.0 
220 1 0.5 278 1 0.0 
221 1 0.0 39DE 2 0.8 
















Colonising new frontiers—microarrays reveal biofilm modulating polymers†
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Polymer microarrays provide an innovative approach to identify materials with novel bacterial binding
or repellent properties which could subsequently be used in a variety of practical applications. Here, we
report a polymer microarray screen of hundreds of synthetic polymers to identify those which either
selectively capture the major food-borne pathogen, Salmonella enterica serovar Typhimurium
(S. Typhimurium), or prevent its binding. A parallel study with a lab strain of Escherichia coli (E. coli) is
also reported; revealing polymers which either display a common binding activity or which exhibit
species discrimination. Moreover, substrates were also uncovered which showed no binding of either
organism, even when cultured at high density. The correlation between polymer structure and
microbial-modulating behaviour was analysed further, while SEM analysis allowed visualization of the
detailed interactions between surface and bacteria. Such polymers offer many new opportunities for
bacterial enrichment or surface repulsion, in cleaning materials, as surface coatings for use in the food
production industry or as a ‘‘bacterial scavenger’’ resin.
1 Introduction
It is well known that bacterial cell surface charge, cell density,
and the presence of a variety of microbially produced
compounds such as exopolysaccharides are determinant factors
in the adhesion process, but other physicochemical features such
as pH, temperature, composition of growth media and surface
conditioning factors are also known to affect surface attach-
ment.1 In order to control bacterial attachment, there is a need
for materials which result in specific bacterial sequestration or
repulsion. These materials when discovered could underpin wide-
ranging applications in hygiene and bio-fouling and offering for
example a means for the rapid isolation of hospital pathogens, or
minimisation of surface contamination through the development
of microbe repelling surfaces. They could also provide oppor-
tunities for innovative intervention approaches, such as the
selective reduction of pathogen loads via animal feeds. Other
possible application could be the selective capture of bacteria,
spores or viruses on cleaning materials used in clinical, industrial
and domestic environments. Minimising attachment and colo-
nisation could be benefit in areas, ranging from artificial implants
to packaging for food preparation.
Polymer microarrays have become established as a method to
identify polymers that can enrich, manipulate or modulate
a variety of adherent or suspended mammalian cell types,
including stem cells for regenerative medicine or tissue engi-
neering applications.2–10 In the present study, we assessed the
value of the polymer-based microarray platform to identify novel
materials which could be used for the rapid and selective capture
of major food-borne pathogens or materials capable of limiting
or preventing bacterial adhesion onto surfaces.
For the purposes of this study we focused on the adhesion of
the food-borne pathogenic bacterium Salmonella enterica sero-
var Typhimurium (strain SL1344),11 which is a serious pathogen
of clinical and veterinary importance12 globally and is also
a substantial problem in the food industry, and the commensal
bacterium Escherichia coli (strain W3110).13
2 Experimental
2.1 Chemicals and materials
All chemicals were of analytical grade and used as received
without further purification. Silane-prep glass slides, tetracy-
cline, sodium cacodylate trihydrate and all the monomers used
were from Sigma-Aldrich. Phosphate buffered saline (PBS)
tablet was from Oxoid. GeneFrames were from Thermo Scien-
tific, and 2.5% (w/v) glutaraldehyde and 1% (w/v) osmium
tetroxide were from Electron Microscopy Sciences. The
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† Electronic supplementary information (ESI) available: Fig S1 LaVision
Bio Analyzer 4F/4S BioTech quantification. Fig. S2 Brightfield and
fluorescent microscopy imaging of S. Typhimurium binding
(Pathfinder!, IMSTAR). Fig. S3 Automated counting of S.
Typhimurium binding. Table S1 Polyacrylates for S. Typhimurium
strong/poor binding. Table S2 Polyurethanes showing S.
Typhimurium binding. Table S3 Polyacrylate series with poor
S. Typhimurium binding. Fig S4 Fluorescent microscopy image of S.
Typhimurium-GFP binding on a 5 ! 5 spot polymer microarray. See
DOI: 10.1039/c0jm01987a
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rectangular four-well plates were from Nunc. Gridded glass
coverslips were from CELL-VU.
2.2 Polymer microarray fabrication
Polymer microarrays were prepared as previously reported.7,14
2.3 Culture of bacteria
S. Typhimurium and E. coli transformed with pHC60 (referred
to as S. Typhimurium-GFP and E. coli-GFP)15,16 were grown
overnight with aeration at 37 !C or 30 !C respectively in Luria-
Bertani (LB) broth containing tetracycline (10 mg mL"1).
Cultures were collected by centrifugation, washed with fresh LB
broth and diluted tenfold to a final concentration of approxi-
mately (2 # 108 CFU mL"1) for microarray binding studies.
2.4 Bacterial binding
Either S. Typhimurium-GFP or E. coli-GFP was added to
polymer microarrays (in duplicate) in a four-well plate and
incubated overnight (except where stated) at room temperature.
Subsequently, the polymer microarray slides were washed
robustly three times with PBS, rinsed in deionised water, and
dried with a stream of air. A GeneFrame and a coverslip (1.9 #
6.0 cm, AB-0630) were then applied to each slide and cleaned
with 70% ethanol. Polymer microarrays were analysed using
a LaVision BioAnalyzer 4F/4S scanner with a FITC filter.
Bacterial adhesion was evaluated via integration of the fluores-
cence intensity after background correction (see ESI, Fig. S1†).
The average and standard deviation for sets of four identical
polymer features were determined, with the reproducibility
between two identical microarrays evaluated by a Student’s
t-test. Polymers with p-values <0.001 and 6 degrees of freedom
were considered statistically significant.
2.5 Fluorescence-based high-content imaging
High-content imaging was carried out using an automated
fluorescent microscope with an XYZ stage running Pathfinder!
(IMSTAR) that allowed the capture of single images for each
polymer spot. Bacteria were imaged with both brightfield and
fluorescein channels with a #20 objective (see ESI, Fig. S2†).
2.6 SEM analysis
Bacteria on the polymer samples were washed (#2) with 0.1 M
cacodylate buffer (pH 7.4) and then fixed with 2.5% (w/v)
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 2 h.
Samples were post-fixed with 1% (w/v) osmium tetroxide for 1 h
at room temperature, dehydrated stepwise with ethanol (50, 70,
90 and 100% (v/v)), critical point dried in CO2 and gold coated by
sputtering. The samples were examined with a Philips XL30CP
Scanning Electron Microscope.
2.7 Coverslip scale-up
Polymers were spin-coated onto grided glass coverslips (DRM
800) and incubated with S. Typhimurium-GFP and imaged via
SEM. The numbers of bacteria in randomly selected sub-squares
(four for each coverslip) were counted with Image-Pro Plus 4.5
(ª2001 Media Cybernetics) (see ESI, Fig. S3†).17 Reproducibility
was determined by calculating the average and the standard
deviation for the four identical sub-squares.
3 Results and discussion
3.1 Analysis of bacteria attachment
Analysis was enabled by the expression of Green Fluorescent
Protein (GFP)15 within the bacteria, allowing detection of
bacterial binding on a polymer microarray of 370 polyurethanes
(PUs) and polyacrylates (PAs).14
Fig. 1 Analysis of S. Typhimurium and E. coli binding on the polymer microarrays. PA and PU library members showing strong/poor S. Typhimurium
and/or E. coli binding. Binding is expressed as background corrected mean fluorescent intensity with error bars representing the standard deviation.
X-axis: polymer code. Y-axis: fluorescent intensity in arbitrary units (au).




























































Analysis revealed six PAs and thirteen PUs which showed
strong binding of S. Typhimurium (Fig. 1). E. coli affinity was
weaker in general, but varied with the particular polymer.
Four of the six high binding PAs (155, 172, 181 and 182)
(Fig. 1) contained the monomer 2-hydroxyethylmethacrylate
(HEMA) (see ESI, Table S1†) and of those four, two (PA181 and
182) contained the monomer 1-vinylimidazo (VI) within mono-
mer ratio: 70/30 and 50/50, respectively (Table 1).
On the other hand, polymer structure analysis of the PUs
revealed that the diols polybutylene glycol (PTMG) and
Table 1 Structure of the strong binding PAs and PUs
Table 2 Scheme of the poor binding polymer functionalisation and structure of the selected poor binding PAs




























































polypropylene glycol (PPG) were common in ten of the thirteen
‘‘hit’’ polymers (see ESI, Table S2†). Thus, for example, polymer
PU222 showed good-binding of S. Typhimurium and E. coli,
whereas there was a substantial difference between the binding of
S. Typhimurium and E. coli on polymer PU178 (Table 1).
Sixteen PAs showed substantial inhibition of S. Typhimu-
rium adhesion (Fig. 1), with thirteen containing the monomer
methyl methacrylate (MMA), and with eleven of these also
containing the derivatisable monomer glycidyl methacrylate
(GMA) (Table 2 (functional scheme) and ESI:
Tables S1† (poor binding polymers) and S3† (different
functionalisations)).
PA235 and PA236, which were composed of methyl methac-
rylate (MMA), methacrylic acid (MA-H) and 2-(dieth-
ylamino)ethyl methacrylate (DEAEMA), were highly successful
in preventing adhesion of both S. Typhimurium and E. coli
(Table 2). Polymers PA331, PA337 and PA338 selectively bound
E. coli, but did not bind S. Typhimurium, with PA337 and
PA338 differing only in the molar ratios of the relevant mono-
mers (MMA and GMA): 70/30 (PA337) and 50/50 (PA338)
(Table 2). The related polymer PA336 (90/10) showed a similar
trend, but with slightly less selectivity (Table 2). This suggested
the importance of GMA functionalisation with N-methylaniline
(MAn) in making this group of polymers selective for E. coli (see
also ESI, Table S3†).
3.2 Reproducibility
Following the initial analysis of the entire library (in duplicate
and with eight copies of each polymer), several polymers which
resulted in the strongest or poorest binding of S. Typhimurium
were re-printed and re-examined with each polymer printed in
Fig. 2 S. Typhimurium attachment/repulsion: (a) array design with the
binding polymer PU104 (in black) and the poor binding polymer PA325
(in grey); (b) BioAnalyzer scanning of the array using a fluorescein filter;
(c) fluorescent microscopy imaging (!20 objective). Scale bar " 4 mm.
Arrows indicate fluorescent and brightfield microscopy images of
S. Typhimurium grown on representative polymer spots: (d) fluorescein
channel and (e) brightfield of PU104; (f) fluorescein channel and (g)
brightfield of PA325. Scale bar " 100 mm.
Fig. 4 High magnification SEM images of S. Typhimurium binding/
non-binding on selected polymers: (a) PA155 and (b) PA325. Scale bar "
10 mm.
Fig. 3 SEM images of S. Typhimurium strong/poor binding on selected
polymer spots. Strong binding: (a) PU104; (b) PU126; (c) PU120; and (d)
PA155. Poor binding: (e) PA426; (f) PA422; (g) PA325; and (h) PA235.
Scale bar " 100 mm.




























































a 5 ! 5 pattern. Of the four good polymers examined (PU104,
PA155, PU120, and PU126), each showed consistent cellular
attachment, whilst the four poor binding polymers (PA325,
PA422, PA426, and PA235) confirmed their ‘‘anti-bacterial’’
binding properties (see ESI, Fig. S4†).
3.3 Impact of time on attachment
It would clearly be advantageous for a polymer to be able to bind
bacteria in a rapid time frame. Therefore, to test the rapidity of S.
Typhimurium binding, an array with the letters ‘UK’ was fabricated
using high and low binding polymers (PU104 and PA325, respec-
tively), and S. Typhimurium incubated on the array for four hours.
As can be seen in Fig. 2, a uniform binding pattern was observed
with PU104, with little binding observed on polymer PA325.
S. Typhimurium binding on several selected polymers which
resulted (PU104, PA155, PU120, PU126, PA325, PA422,
PA426 and PA235) was assessed with particular attention paid
to the binding characteristics and polymer spot morphology
(Fig. 3).
Bacteria appeared firmly attached and closely packed on
PA155, aligning along their longitudinal axis. Small micro-
colonies were observed on the strong-binding polymer surface
(Fig. 4a). In contrast, non-binding polymers (PA325) showed
little attachment and no evidence for early biofilm formation,
implicating these polymers as potential new materials for anti-
bacterial surface coatings (Fig. 4b).
3.4 Scale-up analysis
In order to see if the selected polymers could be scaled-up and, to
find whether those polymers could be used in practical applica-
tions, PA155 and PA325 were spin-coated onto glass coverslips,
which were formed of a central square (1 ! 1 mm) subdivided in
one hundred squares (100 ! 100 mm). These coated coverslips,
and uncoated coverslips (as a control), were incubated with
S. Typhimurium-GFP as previously reported (Section 3.1) and
imaged via SEM (Fig. 5a–c). The number of bacteria on
randomly selected subsquares on the coverslips were counted to
give the number of bacteria per mm2 (Fig. 5d). The analysis of
binding on both coated and uncoated coverslips confirmed the
expected results. S. Typhimurium attached onto polymer PA155
with a 7-fold increase in binding compared to an uncoated
coverslip, whereas the number of S. Typhimurium on the anti-
binding polymer PA325 was twenty times less than the glass
control (Fig. 5d).
4 Conclusion
Polymer microarrays were successfully used for the identification
of polymers which bound either S. Typhimurium and/or E. coli
or prevented their colonisation of surfaces, with fluorescence
imaging that allowed the rapid, parallel, and comprehensive,
evaluation of bacterial adhesion on 370 polymers. Binding and
non-binding surfaces were shown to be highly dependent on both
the chemical structures and properties of the polymers, and were
sufficient to allow discrimination between adhesive properties of
different bacterial genera. For the strongest binding polymers
SEM revealed the formation of early biofilm-like micro-colonies,
where cells were longitudinally aligned and closely packed,
whereas a number of polymers were also identified which clearly
prevented bacterial attachment, even at very high cell densities.
Identified polymers are now being developed as coating materials
to help reduce hospital endotracheal tube infections as well as in
Campylobacter jejuni and Clostridium difficile infections.
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a b s t r a c t
Polymer microarrays offer a high-throughput approach to the screening and assessment of
a large number of polymeric materials. Here, we report the first study of proto-
zoanepolymer interactions using a microarray approach. Specifically, from screening
hundreds of synthetic polymers, we identified materials that either trap the waterborne
protozoan parasite, Cryptosporidium parvum, or prevent its adhesion, both of which have
major practical applications. Comparison of array results revealed differences in the
adhesion characteristics of viable and non-viable C. parvum oocysts. Material properties,
including polymer composition, wettability and surface chemistry, allowed correlation of
binding and identification of structure function relationships. Understanding C. parvum
binding interactions could assist in improved water treatment processes and the identified
polymers could find applications in sensor and filter materials.
Crown Copyright ª 2011 Published by Elsevier Ltd. All rights reserved.
1. Introduction
Contamination of water by Cryptosporidium parvum (C. parvum)
protozoa is a serious global issue. C. parvum is ubiquitous in the
environment, resistant to the standard chlorination disinfec-
tion procedures and has a low infectious dose (Snelling et al.,
2007; Casemore et al., 2001; Smith and Nichols, 2010). Inges-
tion of C. parvum oocysts causes cryptosporidiosis, for which
there is no safe and effective treatment (Davies and Chalmers,
2009). In developing countries, it is estimated that 250e500
million cases occur each year, playing a significant role in high
childhood mortality and morbidity. In developed countries,
numerousoutbreaksassociatedwithcontaminationofdrinking
water have been reported, one of the most serious being in
Milawaukee in 1993 (Mackenzie et al., 1994), and several recent
cases in theUK (Davies andChalmers, 2009), Australia (Ng et al.,
2010) and in 2010, Sweden (Smittskyddsinstitutet, 2011).
Understanding the behaviour and fate ofC. parvum inwater
treatment systems is essential to assess risk at existing plants
and appropriately design future systems (Tufenkji et al., 2006;
Dai et al., 2004). Although it is known that the nature of the
coagulation pretreatment is very important for the efficiency
of the subsequent water treatment processes, the exact
adhesion and removal mechanisms have not been elucidated
(Tufenkji et al., 2006; Gao and Chorover, 2009). Few field
studies of C. parvum in water treatment systems have been
undertaken, due to limitations in assay techniques for deter-
mining a mass balance for oocysts and lack of understanding
of the mechanisms of interaction with chemicals or surfaces
within the process (Tufenkji et al., 2006). Instead, laboratory
studies have concentrated on the adhesion characteristics, to
a range of materials, and measurement of interaction forces.
Numerous factors influence the oocystesurface interac-
tion including oocyst treatment (e.g. formalin or heat treat-
ment to inactivate oocysts or proteinase K to digest surface
macromolecules), nature of the surface (charge and hydro-
phobicity) and solution conditions (e.g. presence of divalent
ions or high ionic strength) (Tufenkji et al., 2006; Dai et al.,
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2004; Kuznar and Elimelech, 2004; Janjaroen et al., 2010;
Searcy et al., 2005; Walker, 1999). However these previous
studies have demonstrated some deviation from the predicted
theory developed by: Derjaguin and Landau; Verwey and
Overbeek (DLVO). The attachment efficiency was generally
low, even at high ionic strengths, where DLVO theory predicts
no energy barrier to adhesion. These results have been
explained by the presence of a fluffy glycoprotein layer (Liu
et al., 2010) extending approximately 115 nm from the
oocyst wall (Byrd and Walz, 2007). This brush-like arrange-
ment of macromolecules contributes “electrosteric” repulsion
preventing oocyst adhesion to surfaces.
While various studies of C. parvum adhesion have been
undertaken, with materials ranging from metal oxides
(Walker, 1999), quartz (Kuznar and Elimelech, 2004; Liu et al.,
2010), silanes (Byrd and Walz, 2007), natural organic matter
(Janjaroen et al., 2010), biofilms (Searcy et al., 2006), clays and
natural suspended sediments (Searcy et al., 2005), little work,
apart from a paper by Dai et al. have investigated polymeric
materials (Dai et al., 2004). Understanding the adhesion of C.
parvum to polymers would be highly useful for numerous
reasons:firstly, themembranesemployed infiltrationmethods
ofwater treatment, andmonitoring, aremadeout of polymeric
materials; secondly, polymers could easily be used as coatings
in water treatment systems or sensing applications; thirdly, it
is easy to systematically vary polymer properties to facilitate
studies to elucidate structureeactivity relationships.
Polymer microarrays provide a rapid format to enable the
screening of a large number of polymers (How et al., 2004;
Tourniaire et al., 2006; Diaz-Mochon et al., 2007). Such arrays
have been applied to determine which materials can enrich,
manipulate or modulate a variety of cell types, including
human embryonic cells (Anderson et al., 2004; Hay et al., 2009,
2011), human skeletal progenitor cells (Tare et al., 2009; Khan
et al., 2010), human renal tubular epithelial cells (Tourniaire
et al., 2006) and mouse bone marrow dendritic cells (Mant
et al., 2006), suspension cells (Pernagallo et al., 2008) and
bacteria (Pernagallo et al., 2011). However, polymer micro-
arrays have not previously been applied to investigate proto-
zoan, or more specifically C. parvum, deposition.
In this study 652 polymers were screened to determine
which materials would enhance or limit C. parvum adhesion,
investigating the role of viability on surface interactions as
well as the influence of hydrophobicity, surface roughness
and polymer composition to develop our understanding of
C. parvum interactions with surfaces.
2. Materials and methods
2.1. Synthesis of polymers
Polymer libraries were synthesised via radical polymerization
on a mmol scale as previously reported (Mizomoto, 2004;
Thaburet et al., 2004).
2.2. Chemicals and materials
All chemicals were of analytical grade and used as received
without further purification. Sodium cacodylate trihydrate
and all the monomers used were from SigmaeAldrich. 2.5%
(w/v) glutaraldehyde and 1% (w/v) osmium tetroxide were
from Electron Microscopy Sciences. The rectangular four-well
plates were from Nunc. Silane-prep glass slides were from
SigmaeAldrich and glass coverslips were from VWR. Gene-
Frames were from Thermo Scientific.
2.3. Polymer microarray fabrication
Polymer microarrays were fabricated with polyurethane (PU)
and polyacrylate (PA) by contact printing (QArraymini,
Genetix, UK) with a 32 aQu solid pins (K2785, Genetix) using 1%
w/v polymer solutions in N-methylpyrrolidone (NMP) on
microscope slides. The printing conditions used were 5
stamps per spot, with a 200 ms inking timing and a 100 ms
stamping time on amino-alkylsilane treated glass slides (Sig-
maeAldrich, UK), previously coated with agarose Type I-B
(SigmaeAldrich, UK) (Tourniaire et al., 2006). Typical spot
diameters were 300e320 mm. Two types of array were used:
the initial array contained 2016 polymer spots (triplicate of 652
polymers, including 468 polyacrylates and 164 polyurethanes);
the subsequent hit array contained a selection of the 34 of the
best and worst polymers.
2.4. Scanning for C. parvum oocyst interactions
C. parvum oocysts (Creative Science, Moredun, UK) were
diluted in sterilised water to a count of 1.66 ! 105 oocysts per
ml.When required, heat treatment of the samples for 5min at
70 "C was performed, using a Trechne Dri-Heat heating block,
to obtain non-viable oocysts. Polymer microarrays were
sterilised by exposure under UV light for 15 min and freshly
prepared 6ml aliquots (1million oocysts per experiment) were
added to a polymer microarray in a four-well plate. The slides
were incubated with oocysts on a plate shaker at 20e50 rpm
for 3 h at room temperature. Subsequently, the slides were
rinsedwith sterilisedwater and either fluorescently stained or
prepared for SEM analysis.
2.5. Scale up
Polymers were spin-coated onto circular glass coverslips
(13 mm in diameter), incubated with C. parvum
(1.66 ! 105 oocysts per ml in sterilised water) and imaged via
brightfield and fluorescent microscopy as well as scanning
electron microscopy (SEM).
2.6. Fluorescent staining of C. parvum oocysts
The standard C. parvum staining protocol (EPA1623) was
adapted for the larger array area. After the slide was rinsed
and air dried, 1 ml of methanol (MeOH) was added to the slide
and allowed to air dry; 2 ml of 40,6-diamidino-2-phenylindole
(DAPI) (1 mg/ml) was applied to the slide for 1 min followed
by a sterilised water rinse; finally, 2 ml of Crypto-a-glo was
added to the slide (1e2 h) before rinsing in sterilisedwater and
being left to air dry. A GeneFrame and a coverslip (1.9! 6.0 cm,
AB-0630) were then applied to each slide and cleanedwith 70%
ethanol. Image capture of the polymer microarray was per-
formed via a Nikon 50i fluorescence microscope (20!







objective) with an automated XeYeZ stage, using the IMSTAR
Pathfinder! software package (IMSTAR S.A., Paris, France).
2.7. Scanning electron microscopy
Array slides, or the coated substrates, were washed (!2) with
0.1 M cacodylate buffer (pH 7.4) and then fixed with 2.5% (w/v)
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 2 h.
Samples were post-fixed with 1% (w/v) osmium tetroxide for
1 h at room temperature, dehydrated stepwise with ethanol
(50, 70, 90 and 100% (v/v)), critical point dried in CO2 and gold
coated by sputtering. The samples were examined with
a Philips XL30CP Scanning Electron Microscope at an accel-
erating voltage of 20 kV.
2.8. Atomic force microscopy
An atomic force microscope (AFM) (DimensionV Nanoscope,
VEECO) was used to scan the polymer surface within an area
10 mm ! 10 mm. The scan rate ranged from 1.32 Hz to 1.60 Hz,
Fig. 1 e Array screening for C. parvum oocyst binding. (a). Oocysts (1 million) were incubated for 3 h on the polymer
microarray. Adhesion to the polymers was analysed by high-content imaging (n [ 3). (b) Images of the polymer features
binding viable C. parvum with oocysts stained with Crypto-a-glo (green fluorescence), and DAPI (blue fluorescence).
Fluorescent (left) and phase contrast (right) images of one polymer feature selected from a poor binding polymer (PA6) and
a strongly binding polymer (PA531). (c) Chemical structures for the two polymers. (d) Viable oocysts on the polymer surface
of PA6 and PA531 coated coverslips. Scale bars are 100 mm in (b) and (d). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)







and the height values of the surface were obtained with
a resolution of 512! 512 pixels in the scanned region. The root
mean square (RMS) of all the spots in the hit array were
calculated (by averaging over three 9 mm2 areas) through the
NanoScope analysis software (VEECO version 1.20). The RMS
average of height deviations were taken from themean image






where Zi is the current Z value, and N is the number of points
within the box cursor.
3. Results and discussion
The principle of high-throughput polymer array screening is
illustrated in Fig. 1a. Briefly, pre-synthesised and charac-
terised polymers were printed onto a glass slide, which was
subsequently exposed to C. parvum oocysts. Following stain-
ing of the slides, automated screening was performed to
capture images for each polymer with automatic counting of
the number of oocysts per polymer feature.
The initial microarray of 652 polymers showed consider-
able differences in binding affinities between different poly-
mers (see Fig. S1). There were also differences in the
interaction behaviour of viable (untreated) (Fig. S1) and non-
viable (heat-treated) (Fig. S2) oocysts. From these initial
experiments, 34 polymers were selected for further investi-
gation, to increase our understanding of how polymer mate-
rial properties influence oocysts adherence, and these were
re-printed in quintuplicate to give so-called “hit-arrays”.
This included those polymers which promoted strong inter-
action (PA480, PA528 and PA531); those which prevented
adhesion (PAs 1, 2, 3, 4, 5 and 6, and a group of polyurethanes)
and those which demonstrated some selectivity between
viable and non-viable oocysts (PA113, PA152, PA365 and
PA464).
The results show that PA531 most successfully bound
C. parvum oocysts whereas PA6 acted to prevent binding and
therefore, these two polymers were selected for investigation
on larger surfaces in order to confirm suitability for practical
applications. These polymers (chemical structures are shown
in Fig. 1c) were re-synthesised and spin-coated onto indi-
vidual glass surfaces and exposed to oocysts. Fig. 1d shows
that polymer performancewasmaintained on the larger scale;
with numerous oocysts observed adhered to the PA531 coated
surface in contrast to no oocysts on the surface of PA6.
Scanning electron microscopy (SEM) was utilised to study
the binding of both viable and non-viable oocysts on these
selected polymers (Fig. 2 and Fig. S3). SEM images of the large
scale substrates coated with PA531 and PA6 were consistent
with the polymer microarray results and fluorescent images
of the coated surfaces (Fig. 1d and Fig. S3g, h, i and j).
The morphologies of viable (Fig. 2c) oocysts on PA531
exhibited the expected oocyst features, with shape, size and
presence of a central suture all in agreement with previous
SEM studies of C. parvum oocysts (Poitras et al., 2009).
Occasionally differences in morphology were observed,
with a higher proportion of non-viable oocysts having
undergone excystation and release of their sporozoites
(Figs. 2d and S3c).
Fig. 2 e SEM images of viable/non-viable oocysts binding on selected polymers. (a) Viable cell attachment on the strong
binding polymer PA531; (b) Negligible viable cell attachment on the poor binding polymer PA6; (c) Morphology of viable
oocyst attachment on PA531 coated glass surface. (d) A proportion of non-viable cells adhering to the surface, with some
having undergone excystation expelling their internal sporozoites. Scale bars are shown in (a)e(d).







3.1. C. parvum characteristics
On the hit array, some polymers, such as PA531, PA528 and
PA480, showed high binding for both viable and non-viable
oocysts (Fig. S4). Additionally polymers such as PA1, PA2, PA3,
PA4, PA5 and PA6 completely prevented viable and non-viable
oocyst adhesion (Figs. S4 and S5). However, in general,
notable differences in adhesion characteristics were observed
in the results for viable and non-viable oocysts (Fig. S6). PA113
and PA531 were the top two polymers for adhesion of non-
viable oocysts, while PA528 and PA364 demonstrated highest
affinity binding for viable oocysts, perhaps indicative of
different mechanisms, and relative strengths, of interactions.
The polymers PA104 and PA504 demonstrated the highest
selectivity in favouring of binding viable oocysts given that the
ratio of viable oocysts tonon-viable oocysts boundgreater than
20 as opposed to an average of 4.5 for the selected hit polymer
library (Fig. S6). However, these two polymers were poor
enhancers of oocyst adhesion and are therefore unlikely to be
ofuse indiscriminatingbetweenviableandnon-viableoocysts.
A lower number of oocysts per polymer spot for the non-
viable oocysts was observed, contradicting prior work which
suggests that heat treatment of oocysts enables better adhe-
sion via alteration/removal of surface glycoproteins (Gao and
Chorover, 2009; Byrd and Walz, 2007). However, the influ-
ence of viability on oocysts adhesion has not previously been
studied for polymermaterials. Possibly, for polymermaterials,
the interaction is dominated by forces, such as hydrogen
bonding and Lewis acid base interactions (Grasso et al., 2002),
and non-viable oocysts, with a reduced proportion of surface
glycoproteins, are thus less able to interact with polymer
surfaces. Comparison of the structures (Fig. 1c) of PA531
(strong interaction) and PA6 (inhibition of adhesion) supports
this argument. PA531 comprises of MEMA (Methoxyethyl
methacrylate) and DEAEMA (2-(Diethylamino) ethyl methac-
rylate) (Figs. 1c and 3e) which contain several groups capable
of participating in hydrogen bonding and ionic interactions,
whereas PA6 is composed of styrene and DMAA (N,N-
Dimethyl acrylate) (Figs. 1c and 3e) and as such has a reduced
capacity for these interactions. Analysis of the polymer
microarray results aimed to investigate relationships between
binding and factors, such as oocyst viability (discussed above),
as well asmaterial properties, such as hydrophobicity, surface
roughness and polymer composition, which are well-known
to influence cellular, bacterial and protozoan adhesion (Dai
et al., 2004; Liu et al., 2010; Yang et al., 2010; Bazaka et al.,
2011). These relationships are visualised in Figs. 3 and 4.
3.2. Wettability analysis
Wettability is one of the most important properties utilised in
the area of polymeric analysis, and is used as a measurement
of the hydrophobicity/hydrophilicity ofmaterials. The Bradley
group developed the first high-throughputmethod to evaluate
hydrophobicity/hydrophilicity (Mizomoto, 2004; Thaburet
et al., 2004). Importantly, this measurement is dynamic as
water contact angle (WCA) varies with time (see Table S1, and
Fig. 3, for the WCA of the polymers used in this study).
Previous studies by Dai et al. reported that hydrophobicitywas
not the most important factor for C. parvum adhesion (Dai
et al., 2004). This work suggested that other factors, such as
surface charge and polymer composition, were probablymore
important. As Fig. 3a shows, the eight best-binding polymer
spots all had aWCA between 60! and 72! (Table S1), suggesting
that this range of WCAs is optimal for oocyst binding.
Furthermore, it appears from Fig. 3a, that extremes of
hydrophobicity or hydrophilicity have a negative influence on
oocyst attachment. The previously identified poor binding
polymers, PA1-6 exhibited high WCAs as do the PUs 91, 223
and 226. Poor adhesion was also seen with the other poly-
urethanes, which exhibited the lowest WCAs, such as PU230
and PU239. However, fitting of the data demonstrated no
correlation between oocyst adherence and WCA. This lack of
correlation is supported by the observation that many poor-
binding polymers also had WCAs, in the so-called optimal
binding range, between 60! and 72! (Fig. 3a, Table S1). Addi-
tionally, PA113, noted for its strong interaction with C. parvum
oocysts, had a low contact angle, comparable to PA1 and 6
Fig. 3 e Correlation between C. parvum oocysts adherence
and polymer surface properties of hit polymers. (a) Viable/
non-viable oocysts adherence per polymer spot (n [ 5) and
polymer contact angle. (b) Viable/non-viable oocysts
adherence per polymer spot (n [ 5) compared to surface
roughness (root mean square).







(Fig. 3a, Table S1). Therefore, our results support the assertion
by Dai et al. that hydrophobicity is not an important factor
controlling the adhesion of C. parvum.
3.3. Surface roughness analysis
Atomic force microscopy (AFM) was employed to investigate
the influence of the surface roughness on C. parvum adherence
(Fig. 3b). The root mean square (RMS) surface roughness value
ranged from 0.01 to 59.0 nm and did not correlate with the
WCA (Fig. S8, Table S1). The RMS of strongly binding polymers
such as PA531, PA528 and PA480 are 2.02 nm, 3.50 nm and
1.75 nm respectively, suggesting that low surface roughness
may assist C. parvum oocysts attachment. Likewise, those
polymers with the highest RMS showed lowest binding of
C. parvum oocysts; for example, the inhibitory polyacrylates,
PA1 (32.4 nm), PA2 (23.6 nm), PA3 (36.7 nm), PA4 (19.0 nm), and
PA5 (16.7 nm) as well as PU230 (59.0 nm) and PU91 (17.0 nm).
Fitting of linear, logarithmic and polynomial trend lines, to
a plot of oocyst adherence (both viable and non-viable) against
RMS, all generated low R2 values (of 0.17 or less) (data not
shown) indicating a lack of correlation between the surface
roughness and C. parvum adhesion. However, Fig. 3b suggests
that for polymers with RMS values greater than 17 nm,
C. parvum interactions are inhibited. Interestingly, the surface
roughness of oocysts is between 5 and 20 nm over micron-
sized areas (Tufenkji et al., 2006; Considine et al., 2001).
Since for bacterial attachment it is known that irregularities
that conform to the size of the bacteria increases the adhesion
due tomaximising bacteria-surface contact area (Bazaka et al.,
2011; Whitehead et al., 2005) perhaps for C. parvum a similar
surface roughness for oocysts promotes attachment.
3.4. Polymer composition
Analysis of Fig. 4 shows clearly that specific chemical
compositions inhibit binding and includes polymers contain-
ing styrene and DMAA (N,N-Dimethyl acrylate) or DEAA (N,N-
Diethyl acrylate), while three out of four of those polymers
which had the highest adherence of viable oocysts contained
MEMA with DEAEMA or MEMA with DMAEMA (2-(Dimethyla-
mino) ethyl methacrylate). We suggested that hydrogen
Fig. 4 e Mapping the binding behaviour of viable and non-viable C. parvum oocysts. (a) Location map of the 34 selected
polymers. (b)/(c) Viable/non-viable oocysts adherence on the arrays. (d) Composition of the polymers, with the monomer
shown in (e).








bonding and acidebase interactions could play an important
role in controlling surface adhesion of oocysts to polymers.
The presence of MEMA and HEMA (2-Hydroxyethyl methac-
rylate), which have several sites to act as either hydrogen bond
acceptors or donors, were found in many of the polymers
selected for further analysis, supports this theory.
While knowledge relating to the exact composition of, and
glycoprotein structures within, the oocyst wall is limited, the
5 nm outer layer is believed to consist of acidic glycoproteins
(Kuznar and Elimelech, 2006) and the ability of oocyst surfaces
to formhydrogen bonds has been noted (Karaman et al., 1999).
Additionally, the presence of carboxylates and phosphates
has been suggested by the fitted pKa value of 2.5 found by
Karaman et al. Our hypothesis is that hydrogen bonding, and
acidebase interactions, play a key role in explaining the
interaction of oocysts with polymer surfaces, and have more
significant impact upon adhesion than hydrophobicity or
surface roughness.
A key component of PA531 is DEAEMA, which has a re-
ported pKa of 8.4 (van de Wetering et al., 1998) which means
that it will be protonated at all physiologically relevant pH’s.
This will thus ion-pair with the carboxylate/phosphate rich
oocyst wall. The same argument holds for PA101 and PA480.
The poor binding of PA1-6 can be rationalised by the non-
charged nature of styrene and the acrylamides, DMAA and
DEAA. Likewise, the PUs have no formal positive charge.
4. Conclusion
In summary, we have demonstrated the first proto-
zoanepolymer microarray screening study. From the analysis
of over 652 polymers, materials were identified which binding
or prevent the binding of the waterborne, protozoan parasite
C. parvum. Results from the initial array were confirmed on
a hit array, containing the best and worst performing poly-
mers, and on larger polymer coated substrates. Additionally,
differences were observed between the adhesion character-
istics of viable and non-viable oocysts.
Comparison of the results with the physical properties of
the polymers indicated that neither wettability or surface
roughness of the polymers were important factors controlling
the adhesion of C. parvum oocysts. However, the polymer
composition was critical in determining oocystepolymer
interactions. The presence of certain monomers, e.g. DEAEMA
or DMAEMA with MEMA, were associated with enhanced
binding whereas other monomers, e.g. styrene and DEAA or
DMAA, in the polymers appeared to prevent adhesion. This
was explained by ion-pair interactions between the polymer
surfaces and the oocyst wall.
Future work is necessary to investigate the kinetics of
adhesion, the influence of different solution conditions and
the adhesion behaviour of different species and also to explore
potential applications, such as in filters or sensor materials.
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ABSTRACT: The interaction of the waterborne protozoan
parasite, Giardia lamblia, with polymeric materials was
investigated by microarray screening of 652 polymers.
Polymers were identified which either bound G. lamblia
cysts or prevented their binding. Correlation of material
properties such as wettability and surface roughness with cyst
attachment revealed no influence of these factors upon Giardia
adhesion. However, the study of polymer composition allowed
the correlation of binding and generation of polymer structure
function relationships; glycol and aromatic functionalities
appeared to prevent adhesion, whereas secondary amine
groups promoted adhesion, in agreement with previous
literature. A significant reduction in attachment was observed following both cyst treatments with proteinase K and performing
experiments at extremes of pH (2 and 12). It is suggested that proteinase K removes the proteins needed for specific surface
interactions, whereas extremes of pH influence either protonation of the polymer or the surface charge of the cysts. The
mechanism by which the protozoa attach to polymeric surfaces is proposed to be through ion!pair interactions. Improved
understanding of G. lamblia surface interactions could assist in predicting transport and fate behavior in the environment and
contribute to better design of water treatment processes, while the polymers identified in this work could find use in sensor
applications and membrane filtration.
! INTRODUCTION
The protozoan parasite Giardia lamblia (G. lamblia), which has
a low infectious dose (1!10 cysts), contaminates water supplies
across the globe and causes giardiasis.1 Treatment of giardiasis
varies depending on the patient, as does the effectiveness of
different drugs, whose side effects are common.2 Prevalence of
G. lamblia is around 20!30% in the developing world,3 with up
to 100% of children acquiring the infection before the age of 3.2
In the developed world, where water treatment is better and
more widespread prevalence is lower but outbreaks do occur. In
1985 there were particularly serious cases in both the United
Kingdom4 and the United States.5 In the United States G.
lamblia was one of the most common intestinal protozoan
infections in 2001.6 In 2004, over 1000 cases were reported in
Norway, resulting from leaking sewage and ineffective water
treatment.7 This pathogen causes a major problem in the water
industry as it is resistant to disinfection by chlorine treatment8
and can also pass with up to 30% efficiency through advanced
membrane filters.9
The majority of studies investigating G. lamblia interactions
with surfaces have focused on the postingestion trophozoite
stage and its attachment through an adhesive disk.10 There has
been limited investigation of the cyst stage, where the adhesive
disk is internalized and fragmented.10 Cyst interaction with
polymeric materials, as previously investigated in a paper by Dai
et al.,11 is very important in the control of waterborne giardiasis.
Since polymers are utilized in production of membrane filters
for water treatment and monitoring, pathogen-specific coatings
could help to improve the performance of these methods.9
Furthermore, the relative simplicity with which polymeric
material properties can be modified provides an easy method to
gain insight into structure!activity relationships with respect to
parasite/material interactions. Improved knowledge of G.
lamblia interactions could assist in the design of improved
water treatment processes.
The screening of a large number of polymers can be achieved
rapidly through the use of polymer microarrays.12!14 Such
arrays have been applied to determine which materials can
enrich, manipulate, or modulate a variety of cell types, including
human embryonic cells15,16 human skeletal progenitor cells,17,18
human renal tubular epithelial cells,12 mouse bone marrow
dendritic cells,19 suspension cells,20 bacteria,21 and most
recently the waterborne, protozoan pathogen, Cryptospori-
dium.22 In this paper the focus was on the study of another
problematic waterborne protozoan pathogen, G. lamblia. This
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approach allowed for investigation of the mechanisms by which
the protozoa attaches to polymer. Six hundred fifty two
polymers were screened to determine which materials have
positive or negative effects on G. lamblia adhesion. The effect of
viability on surface interactions as well as the impact of certain
polymeric properties such as hydrophobicity, surface roughness,
presence of specific monomers, and relative number of ester
moieties was investigated. In addition, the influence of both pH
and proteinase K on G. lamblia interactions with surfaces was
studied. Such improved understanding is likely to contribute to
better design of water treatment processes for this pathogen,
and the polymers identified in this paper may find applications
in coatings for membrane filters or even in the development of
sensing technology.
! MATERIALS AND METHODS
Chemicals and Materials. All chemicals were of analytical
grade and used as received without further purification. Sodium
cacodylate trihydrate and all monomers used were from Sigma-
Aldrich. Two and a half percent (w/v) glutaraldehyde and 1%
(w/v) osmium tetroxide were from Electron Microscopy
Sciences. Rectangular 4-well plates and 24-well plates were
from Nunc. Silane-prep glass slides were from Sigma-Aldrich,
and glass coverslips were from VWR. GeneFrames were from
Thermo Scientific.
Polymer Microarray Fabrication. Polymer microarrays
were fabricated as previously reported (see Supporting
Information for further details).
Scanning for Cyst Interactions. G. lamblia cysts were
obtained from Waterborne Inc., USA (catalog number P101).
The cysts were the human isolate H-3, passed through gerbils.
G. lamblia cysts were diluted in sterilized water to a
concentration of 1.66 ! 105 cysts/mL. When required, heat
treatment of the samples for 5 min at 70 °C was performed23
using a Trechne Dri-Heat heating block to obtain nonviable
cysts, confirmed by staining with propidium iodide (Figure S1,
Supporting Information). Polymer microarrays were sterilized
by exposure under UV light for 15 min, and freshly prepared 6
mL aliquots (1 million cysts per experiment) were added to the
polymer microarray. The slides were incubated with cysts on a
plate shaker at 20 rpm for 3 h at 25 °C. Subsequently, the slides
were rinsed with sterilized water and fluorescently stained using
an adapted version of the standard EPA1623 protocol.24
Scale Up. Polymers were spin coated onto glass coverslips
(13 mm in diameter), incubated with G. lamblia (0.833 ! 105
cysts/mL in sterilized water) in 24-well plates, and imaged via
fluorescence microscopy and scanning electron microscopy
(SEM).
Fluorescent Staining of Cysts. The standard G. lamblia
staining protocol (EPA1623) was adapted for the larger array
area. Slides were rinsed and air dried; 1 mL of MeOH was
added and allowed to air dry; 4 mL of a solution of DAPI (1
μg/mL) was applied for 1 min followed by a sterilized water
rinse; finally, 2 mL of Giardia-a-glo, a fluorescein-labeled mouse
monoclonal antibody made to a cyst wall antigenic site (at
EPA1623 concentration) (Waterborne Inc., USA), was added
(25 min) before rinsing in sterilized water and being left to air
dry. A GeneFrame and a coverslip (1.9 ! 6.0 cm, AB-0630)
were then applied to each slide, and the external surface of the
slide construct was cleaned with 70% ethanol. Image capture
Figure 1.Microarray screening of selected polymers for G. lamblia cyst binding. (a) Images of the cysts stained with Giardia-a-glo (green) and DAPI
(blue) bound to polymer spots. Fluorescent (left) and phase contrast (right) images of selected polymers are shown; two strong binding polymers
(PA104 and PA531) and two poor binding polymers (PA6 and PA32). Scale bar = 100 μm. (b) Chart comparing the results of hit arrays with viable
(dark gray) and nonviable cysts (light gray), showing strong correlation between them.
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from the polymer microarray was performed via a Nikon 50i
fluorescence microscope (20! objective) with an automated X-
Y-Z stage, using the IMSTAR Pathfinder software package
(IMSTAR S.A., Paris, France).
Scanning Electron Microscopy. Coated substrates, were
washed (!2) with 0.1 M cacodylate buffer (pH 7.4) and then
fixed with 2.5% (w/v) glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.4) for 2 h. Samples were postfixed with 1% (w/v)
osmium tetroxide for 1 h at room temperature, dehydrated
stepwise with ethanol (50%, 70%, 90%, and 100% (v/v)),
critical point dried in CO2, and gold coated by sputtering.
Samples were examined with a Philips XL30CP Scanning
Electron Microscope.
Wettability/Surface Roughness. Wettability was meas-
ured using the high-throughput method developed by
Bradley.25,26 Surface roughness was quantified using atomic
force microscopy (AFM). Images were taken over a 100 μm2
area of the polymer surfaces using a DimensionV Nanoscope
(VEECO). The scan rate ranged from 1.32 to 1.60 Hz, and the
height values of the surface were obtained with a resolution of
512 ! 512 pixels in the scanned region. The root mean square
of the features in the hit array were calculated by averaging over
three 9 μm2 areas through the NanoScope analysis software
(VEECO version 1.20).
For the G. lamblia surface roughness measurement, the
sample was prepared by overnight incubation of cysts on a
PA104-coated coverslip (13 mm in diameter), followed by
fixing in 1% glutaraldehyde and air drying. AFM was performed
with a contact cantilever in air at a scan rate of 0.788 Hz, and
the roughness was determined over a scan area of 36 nm2.
Proteinase K Treatment. One million cysts of G. lamblia
were incubated at 37 °C on a plate shaker for 3 h with a
solution containing 9 mg/mL proteinase k, 1 M Tris buffer, and
10 mM CaCl2. Subsequently, the solution was centrifuged for 5
min at 12 000g. The supernatant was removed, the pellet was
resuspended in 1 mL of distilled water, and this solution was
centrifuged for a further 5 min. The supernatant was again
removed, the pellet was resuspended in 5 mL of sterilized
water, and the solution was examined using the protocol
described for the ‘hit’ arrays.
Influence of pH. One molar hydrochloric acid and 1 M
sodium hydroxide were used to prepare pH 2 and 12 aqueous
solutions, respectively, and 5.2 mL of the acidified/basified
solution was added to 800 μL of G. lamblia to give a cyst
concentration of 1.66 ! 105 cysts/mL; these were then
examined using the protocol described for the ‘hit’ arrays.
! RESULTS
The 652 polymers examined in the initial microarray showed
significant differences in their parasite binding ability (Figure
S2, Supporting Information). From these results 34 polymers
were selected to undergo more detailed investigation to
understand how their properties influence cyst adherence. Six
copies of each selected polymer were printed on a microscope
slide to form ‘hit arrays’. The polymers chosen were a mix of
those which promoted strong adhesion (PA104, PA531, and
PA480), those which prevented binding (PAs 1!6, PA32,
PA33, and a group of polyurethanes), and those which showed
some selection between viable and nonviable cysts (PA356,
PA496, and PA527).
The results from these ‘hit array’ experiments (Figures 1, 2
and S3, Supporting Information) agreed with those of the initial
array. Fluorescent images of the complete ‘hit’ arrays, with one
image per polymer, can be seen in Figure S3, Supporting
Information. Figure S4, Supporting Information, demonstrates
the good correlation between the binding of both viable and
nonviable parasites. These results confirmed PA104, PA531,
and PA480 as the best binding polymers while highlighting PA6
Figure 2. Analysis of microarray results and polymer structures. (a) (Left to right) Polymer identity, binding of viable and nonviable cysts, and
polymer composition. (b) Bars relating color intensity to cyst binding. (c) Chemical structures of the monomers.
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and PA32 as polymers which prevented binding. These
polymers were selected for further investigation on larger
surfaces to demonstrate appropriateness for practical applica-
tions. The chosen polymers were resynthesized and spin coated
onto glass surfaces, followed by exposure to cysts. Large-scale
polymer performance was as expected (Figures S5!S7,
Supporting Information) with PA6 and PA32 preventing cyst
adhesion and PA531, PA480, and PA104 promoting strong
binding, showing the robustness of the screen.
SEM imaging (Figures S5 and S6, Supporting Information)
demonstrated the features expected of G. lamblia cysts, with
their shape and sizes being consistent with results from
previous studies.27 They also highlighted the differences
between viable and nonviable cysts, with the walls being
generally rougher and thicker in the latter.28
Next, the influence of wettability and surface roughness on
adhesion was considered. (Figure 3, Table S1, Supporting
Information). Initially it appeared as though overall high
hydrophobicity or hydrophilicity (outside 50!70°) seemed to
prevent cyst adhesion, as did high rms values (greater than 10
nm). This is illustrated by polymers, such as PA5 (83°; 13.67
nm) and PA32 (17°; 10 nm). Additionally, the strong binding
polymers, PA480 and PA531, had wettability values within the
range 60!65° and rms values of 2 nm or below. However,
fitting of the results demonstrated no correlation between
wettability or surface roughness on cyst adhesion.
To further understand the cysts surface interactions, viable
cysts were treated with proteinase K to remove proteins from
the outer layers of the cyst wall before analysis on a ‘hit’ array.
The results showed that binding was severely limited for all
polymers, with the number of cysts bound reduced by 70%
compared to the untreated cysts (Figure 4). Changes in
morphology were also observed, with cysts appearing rounded
with slightly thicker outer walls.
Examining the ‘hit’ arrays at acid (pH 2) and base (pH 12)
systems as opposed to the neutral system (pH 7), used in the
standard arrays, made little difference to the repellant polymers
while significantly reducing the adhesive capacity of the strong
binding polymers. Polymers demonstrating poor binding (less
than 10 cysts per spot) in the previous ‘hit’ arrays showed little
change. For those polymers previously shown to support
adhesion the numbers of bound cysts was significantly reduced,
with the average reduction, for the binding polymers, being
94% at pH 2 and 80% at pH 12 (Figure 5).
! DISCUSSION
In this work, comparison of the adhesion results with polymer
properties, such as wettability, surface roughness, and polymer
composition, was undertaken to elucidate which factors control
cyst!polymer surface interactions. Previous literature on
cellular/microbial attachment to polymer surfaces has identified
structure!property relationships, noting that hydrophilic,
electroneutral surfaces which contain hydrogen-bond (H-
bond) acceptors but not H-bond donors resist adhesion.
These factors prevent protein adhesion, which mediates cellular
attachment, by binding a layer of water to the surface which
acts as a steric or energetic barrier to adhesion.29 It is not clear
whether these factors will influence protozoan attachment,
which will not proceed via protein adhesion since protozoa do
not secrete proteins nor will proteins be present in the water
samples used in the experiments reported here.
For both wettability and surface roughness no correlation
was observed, though extremes of hydrophobicity/hydro-
philicity and surface roughness were generally associated with
poor adhesion. In terms of polymer composition, the presence
of aromatic monomers (such as styrene), amide groups (in, e.g.,
dimethylacrylamide (DMAA) and diethylacrylamide (DEAA))
and glycol moieties (most PU monomers) appeared to prevent
adhesion. In contrast, secondary amine functionalities were
linked with good adhesion. Methylethylene methacrylate
(MEMA) and methyl methacrylate (MMA) copolymerized
with amine monomers, such as 2-(dimethylamino) ethyl
methacrylate (DEAEMA) and 2-(dimethylamino) ethyl acrylate
(DEAEA), were also identified as monomers which enhance
adhesion. Certain monomers appear to be capable of
participating in specific chemical reactions with the outer wall
of the cysts, suggested to be ion!pair interactions between
Figure 3. Correlation between G. lamblia cyst binding and polymer
surface properties and composition. (a) Viable (square) and nonviable
(circle) cyst binding versus contact angle. (b) Viable (square) and
nonviable (circle) cyst binding versus surface roughness (root mean
square). (c) Cyst binding in relation to monomeric composition of the
polymers.
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protonated amines and negatively charged groups on the cyst
wall. These interactions do not occur following particular cyst
treatments.
G. lamblia Characteristics. The culmination of the
lifecycle of G. lamblia in its host is the release of thick-walled
cysts, which are resistant to a wide range of environmental
stresses. The wall consists of a fibrillar extracellular matrix, lined
by a double inner membrane and an outer filamentous wall.30
This outer wall is around 300 nm thick and is the most
important aspect when considering the adhesive abilities of the
cysts.
The outer wall is composed of around 43% carbohydrates,31
86% of which is a novel !-(1!3)-N-acetyl-D-galactosamine
homopolymer.32 The novel galactosamine forms curled fibrils,
which bind to cyst wall proteins via internal lectin domains.
Binding to these proteins compresses the homopolymers into
the narrow, mesh-like structure in fully formed cyst walls.33
Most previous studies of G. lamblia surface interactions have
focused on the postingestion trophozoite stage with the aim of
understanding host susceptibility and the process of infection.
Relatively little work34 has considered the cyst stage, which is
evidently more important in environmental analysis, for
example, to understand the transport and fate of cysts in the
environment, to predict and explain the performance of water
treatment technologies, and to design novel materials for
membranes and filters.
Cyst Viability. Specific polymers, such as PA531 and
PA104, showed high binding, regardless of the viability of the
cysts. There were also a considerable number of polymers, such
as PA1!6, which effectively prevented binding of both viable
and nonviable cysts. Overall, the viability of the cysts had a low
impact upon whether binding to the polymer surfaces was
observed, as supported by an R2 value of 0.607 (initial arrays)
and an R2 value of 0.857 (‘hit’ arrays) (Figure S4, Supporting
Information) between viable and nonviable cyst adhesion,
showing that viability is not a significant factor in the adhesion
characteristics of G. lamblia cysts.
The absence of any viability influence on G. lamblia adhesion
contrasts with results from a previous paper which investigated
the binding of another waterborne protozoan pathogen,
Cryptosporidium parvum (C. parvum).22 In this case, viable
oocysts were shown to bind significantly more than nonviable
oocysts. This finding was attributed to denaturation (in the heat
treatment to render oocysts nonviable) of the surface
glycoproteins which normally extend into solution11,35 and
mediate specific chemical interactions with polymer materials.
There are differences in both the chemical composition and the
structure of C. parvum and G. lamblia and in the latter the cyst
walls form a filamentous mesh-like structure.33 Previous
Figure 4. Proteinase K treated hit array. (a) Images of the cysts stained with Giardia-a-glo (green) and DAPI (blue) bound to polymer spots.
Fluorescent (left) and phase contrast (right) images of selected polymers are shown; two strong binding polymers (PA104 and PA531) and two
poor binding polymers (PA6 and PA32). (b) Chart comparing binding of viable cysts in the hit arrays before (dark gray) and after (light gray)
proteinase K treatment.
Environmental Science & Technology Article







differences in adhesion characteristics for these two pathogens
have been observed,11 though the influence of viability was not
investigated.
Hydrophobicity/Wettability. Wettability is a crucial
property for analysis of polymers, with dynamic water contact
angles (WCA) (this being a measurement after contact on a
surface for few minutes rather than immediate, static measure-
ments, which fail to simulate biological relevance) being the
most common values used to quantify hydrophobicity. Previous
work has demonstrated that hydrophobic forces dominate
surface charge when considering G. lamblia interactions,11 and
although correlation between hydrophobicity and polymer
binding was expected, none was observed. However, Figure 3
did show that the majority of the polymers with significant
binding had a WCA between 60° and 65°. The WCAs of two of
the best binding polymers, PA531 and PA480, were 61° and
64°, respectively. Values of wettability, outside of this range,
generally indicated poor adhesion; for example, PA32, PA33,
and PU230, which all prevented cyst adhesion, had low WCAs
(17°, 18°, and 32°, respectively), PA6, PA4, and PU91, which
also prevented adhesion, had high WCAs (79°, 85°, and 82°,
respectively) (Table S1, Supporting Information). This is in
direct contrast with the previous work by Dai et al., who
observed that G. lamblia cysts demonstrated the strongest
adhesion to hydrophobic (WCA 95°) fluorosiloxane-coated
glass beads and considerable interaction with cationic polymer-
coated beads (WCA 45°), whereas aminosiloxane-coated beads
(WCA 70°) prevented adhesion.11 Thus, from the experimental
results it is concluded that the wettability/hydrophobicity of a
polymer material is not a property which successfully predicts
the degree of G. lamblia cyst interaction; other factors must
play an important role.
Surface Roughness. Atomic force microscopy (AFM) was
employed to investigate the influence of the surface roughness
on G. lamblia adherence (Figure 3b). For each polymer surface,
analysis was taken over a 100 μm2 area and the root mean
square (rms) surface roughness was determined from an
average of three random positions. The rms ranged from 0.01
to 59.0 nm and did not correlate with the WCA (Figure S8 and
Table S1, Supporting Information).
Similar to the wettability analysis, surface roughness also
demonstrated no clear correlation with cyst adhesion (Figure
3). PA6, PA32, and PU230, which were selected for preventing
adhesion, had rms values of 1.71, 10.01, and 59 nm,
respectively, while PA104, PA480, and PA531, the strongest
binding polymers, had rms values of 5.02, 1.75, and 2.02 nm,
respectively. However, it is clear from Figure 3b that high
values of rms, specifically those greater than 10 nm, appear to
prevent adhesion. None of the polymers with rms values of
over 10 nm had more than 10 cysts bound, including polymers
such as PA1 and PA3!5 and a number of polyurethanes. This
suggests that while surface roughness is not well correlated with
cyst adhesion, high rms values are likely to limit binding ability.
For bacterial attachment it is known that irregularities that
conform to the size of the bacteria increases adhesion due to
maximizing bacteria!surface contact area.36,37 If this hypothesis
was correct for G. lamblia, it would imply that the surface
roughness of cysts is likely to be on the order of 1!10 nm (the
rms value above which no adhesion was observed for G.
lamblia). However, AFM measurement of G. lamblia cysts was
carried out by binding G. lamblia cysts on PA104-coated surface
and gave a surface roughness of 53 nm, higher than all of the hit
polymers except PU230 (Figure S9 and Table S1, Supporting
Information).
Polymer Composition. In a previous paper investigating C.
parvum adhesion to polymer microarrays we proposed that the
interactions between oocysts and polymers were dominated by
specific protein!polymer interactions, in particular ion!pair
formation between carboxylate/phosphate groups on the
oocyst wall and protonated amine groups in the polymers.22
Figure 5. Effects of pH on G. lamblia cyst binding. Chart of viable cyst binding at pH 2 (black), 7 (light gray), and 12 (cross-hatched).
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Several of the polymers in the G. lamblia hit array were
identical or very similar to those selected for the C. parvum hit
array both for polymers which promoted and those which
prevented adhesion. This suggests that perhaps similar
mechanisms control the adhesion of these two protozoan
pathogens and some similarity between the composition of the
oocyst and cyst outer walls. To investigate the relationship
between chemical composition of the polymers and cyst
adhesion, the monomeric composition was mapped against the
results of the ‘hit’ array (Figure 2).
Comparison of Figures 1 and 2 indicated that inhibition of
cyst binding was strongest in polyacrylates containing DMAA,
DEAA, or styrene as well as selected polyurethanes. Monomers
promoting strong binding were more variable; however, the
presence of DMAEMA, DEAEMA, DMAEA, or DEAEA was
very common among the best performing polymers, such as
PA104, PA480, and PA531.
Next, the nature of different functional groups present in the
polymers was considered. For cellular adhesion it has been
reported that glycol functionalities act in a preventative
manner.38,39 This is normally attributed to the protein-repellent
nature of these moieties; for the majority of cell types adhesion
is considered to occur via initial protein adsorption, which
subsequently mediates cellular adhesion. For the protozoan
experiments reported here prior protein interaction with the
surface is not thought to be a possible mechanism of adhesion
given that the experiments are performed in water and the cysts
do not secrete proteins. However, the repellent nature of glycol
functionalities is still consistent with our results, since none of
the polyurethanes containing monomers with glycols exhibited
strong interactions with cysts. In this case, the known poor
likelihood of protein interaction with glycol moieties could
apply to the cyst surface proteins, thus limiting any interactions
between these polymers and the cyst outer wall.
A recent paper by Yang et al. reported that aromatic
functionalities were correlated with low cell adhesion, whereas
amine and ester moieties were found to promote cellular
adhesion.38 The monomer most associated with low G. lamblia
adhesion in the hit arrays was styrene, in agreement with the
above finding that aromatic functionalities prevent adhesion.
To investigate whether ester moieties correlate with adhesion
for protozoan cysts, the concentration of ester moieties was
plotted against the number of cysts per polymer spot (Figure
S10, Supporting Information). Poor correlation was observed
(R2 values of 0.43 or less depending upon the type of fit), and
the average ester concentrations are well above the values
exhibited by the polymers studied by Yang et al.38 In terms of
amine functionalities the monomers DMAEA, DEAEA,
DMAEMA, and DEAEMA, present in the ‘hit’ array in
polymers also containing MEMA and MMA, all contain
secondary amine groups and are associated with high levels
of cyst adhesion. Previous work has also shown that these
monomers promote leuco binding.25 For cyst adhesion, the
hypothesis is that at physiological pH values the amines will be
protonated and thus ion pair with the cyst wall. DMAA and
DEAA contain amide groups and are present in polymers which
prevent adhesion. Since amide groups will not protonated at
physiologically relevant pH this explains the lack of interaction
with G. lamblia.
Thus, it is concluded that glycol and aromatic and amide
functional groups act to prevent adhesion whereas amine
groups promote adhesion. This is in agreement with previous
cellular/microbial attachment literature. However, the mecha-
nism is not via prior protein attachment, as discussed above, but
direct interaction of cyst wall proteins with the surface.
Proteinase K Treatment. Proteinase K has previously been
employed to study the nature of surface macromolecules of C.
parvum40 and Giardia32 as well as alter the adhesion
characteristics of C. parvum. Adhesion of C. parvum to quartz
surfaces was improved after proteinase K treatment.35
However, the ‘hit’ array exposed to G. lamblia, which had
been previously treated with proteinase K, showed severely
reduced binding (Figures 4 and S11, Supporting Information),
although polymers which normally promoted strong adhesion,
such as PA104 and PA480, still bound the highest number of
cysts. Proteinase K removes any proteins stretching out from
the cyst and also contributes to degradation of those involved
in the mesh-like outer wall. SEM images (Figure 4) illustrate
changes in cyst morphology, e.g., wall thickening, as expected;
Chatterjee et al.33 previously reported that removal of the cyst
wall proteins decompresses the galactosamine fibrils, thus
thickening the cyst wall. The reduction in adhesive ability
suggests that the cyst wall proteins that bind the galactosamine
fibrils play a crucial role in surface interactions. This supports
the theory that protein-specific interactions with polymers
control adhesion of cysts to these surfaces.
pH. Analysis of cyst adhesion at different pH values (pH 2
and 12) showed an overall reduction in binding (Figures 5 and
S12, Supporting Information). Those polymers with weak
adhesion at pH 7 did not exhibit significantly different results at
extremes of pH, whereas those which had strong adhesion at
pH 7 showed severe reductions in binding at both pH 2 and 12.
In the previous discussion, analysis of polymer composition and
proteinase K treatment on cyst adhesion both suggested that
ion!pair interactions play a key role in controlling the binding
of G. lamblia to polymer surfaces. At pH 2, below the isoelectric
point for G. lamblia,41 the cyst wall will be mainly positively
charged and therefore will not react with the protonated
amines. At pH 12, while the cyst wall will be negative, the
amines will be unprotonated and again no interactions will
occur. Thus, performing experiments at different pH values




Extensive figures showing initial array results, images of the
whole ‘hit’ array, and extra analysis graphs; table of all ‘hit’ array
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Colonising New Frontiers - Microarrays 
Reveal Biofilm Modulating Polymers 
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Polymer libraries provide an innovative approach to identifying surface modulating materials for clinical, industrial or food production use. Here, we use polymer 
microarrays to identify materials which selectively promote or prevent capture of the food-borne pathogen, S. typhimurium and E. coli, and display either polymer 
structure-based species discrimination or common binding. Such polymers offer novel potential for bacterial enrichment or surface repulsion, in cleaning materials, 
feed additives or surface coatings. 
Overview 
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Conclusion 
Polymer microarrays were successfully used for the identification of polymers which 
bound either S. typhimurium and/or E. coli or prevented their colonisation of surfaces, 
with fluorescence imaging allowed the rapid, parallel, and comprehensive, evaluation 
of bacterial adhesion on 370 polymers. Identified polymers are now being developed 
as coating materials to help reduce hospital endotracheal tube infections as well as in 
Campylobacter jejuni and Clostridium difficile infections.3
Wash and  
dry station 
Pins Slides 
384-Well plate containing  
the polymer solutions 
Stage 1- Solutions 
Polymers were dissolved at 1% w/v in N-methyl 
pyrrolidinone (NMP). The solutions were placed into a 
384-well polypropylene microplate prior to printing.  
Stage 2- Printing 
The robot used was the Qarray mini® (Genetix Ltd; 
UK).The solutions were deposited by contact printing 
using 150 mm solid pins (Fig. 1). The nature of the 
substrates were adapted to the different screenings in 
order to obtain the lowest background and most 
uniform spots. 1 
Stage 3- Drying 
Once printed, the solvent was removed by drying 
under vacuum at 40 °C overnight, to give a microarray 






Scanner: OSA / HCS,  
Imstar S.A., F (www.imstar.fr). 
Scanner: Bioanalyser 4S/4F,  
LaVision Biotech GmbH, D. 
Salmonella enterica serovar typhimurium (S. 
typhimurium SL1344) and Escherichia coli (E. coli 
W3110) transformed with pHC60 (referred to as S. 
typhimurium-GFP and E. coli-GFP )2 were grown 
overnight with aeration at 37 °C or 30 °C  respectively  
in Luria-Bertani (LB) broth containing tetracycline (10 
µg ml-1). Cultures were collected by centrifugation, 
washed with fresh LB broth and diluted for microarray 
binding studies (Fig. 2). 
Methods 
-Polymer Microarray Fabrication- -Bacterial Culture- 
-Microarray Screening- 
Polymer microarrays were analysed using a LaVision 
BioAnalyzer 4F/4S scanner with a fluorescein filter. 
High-Content Imaging was carried out using Imstar 
OSA / HCS Scanner that allowed the capture of single 
images for each polymer spot with both bright-field 
and fluorescein channels with a ×20 objective (Fig. 3).
-Scale Up- 
Selected polymers were spin-coated onto grided 
glass coverslips (CELL-VU DRM 800) and 
incubated with S. typhimurium GFP and imaged 
via SEM. The numbers of bacteria in randomly 
selected sub-squares (four for each coverslip) 
were counted with Image-Pro Plus 4.5 (Fig. 4). 3
Fig.1 Arrayer: Qarray mini (Genetix Ltd, UK) 
Fig. 2 Scheme of polymer microarray for bacteria culture 
Incubated with 
Salmonella for 
overnight at room 
temperature 
Dried overnight  
(vacuum oven) 
Spin coated with 
selected polymer 
Fixed for  
SEM 
Fig. 4 Scheme of coverslips spin coating 
Fig. 3 High-throughput scanner and high-content scanner 
(~2×108CFU ml-1 cells) 
Printed slide 
Incubation for 






deionised water  









Fig. 6 S. typhimurium attachment/repulsion: (a) 
array design with the binding polymer (in black) 
and the poor binding polymer (in grey); (b) Bio 
Analyzer scanning of the array using a 
fluorescein filter;  (c) fluorescent microscopy 
imaging (×20 objective). Scale bar = 4 mm.  
Arrows indicate (d-g) (d) fluorescein channel 
and (e) brightfield of binding polymer; (f) 
fluorescein channel and (g) bright-field of the 
poor binding polymer. Scale bar = 100 µm.
Analysis was enabled by the expression of 
Green Fluorescent Protein (GFP) within the 
bacteria, allowing detection of bacterial binding 
on a polymer microarray of 370 polyurethanes 
and polyacrylates (Fig. 5). Following the initial 
analysis of the entire library, several polymers 
which resulted in the strongest or poorest 
binding of S. typhimurium were re-printed and 
re-examined. 
-Polymer Microarray Analysis- 
To test the rapidity of S. typhimurium binding, 
an array with the letters ‘UK’ was fabricated 
using strong and poor binding polymers and 
S. typhimurium incubated on the array for four 
hours (Fig. 6). 

-Binding Efficiency Test- 
Fig. 5 Examples of S. typhimurium strong and poor 
binding polymers. Scale bar = 100 µm. 
Fig. 7 Scanning electron microscopy (SEM) images and analysis of the S. 
typhimurium binding on the selected polymer coated coverslips. (a) strong 
binding; (b) poor binding; (c) Control (no-polymer coated). Scale bar = 20 µm. 
The biofilm on surfaces of the strong binding and poor binding polymers were 
shown on (d) and (e) respectively. Scale bar= 10 µm.

-SEM Analysis of Strong/Poor Binding Polymers- 
Polymer for strong binding Polymer for poor-binding 
Strong/Poor binding polymer spots and their spin-coated onto 
CELL–VU coverslips were analysed, and the average number of 
bacteria per coverslip was measured, with uncoated coverslips used 
as controls. S. typhimurium attached onto strong polymer displaying 
a 7-fold increase in binding compared to an uncoated coverslip, 
whereas the number of S. typhimurium on the poor-binding polymer 
was twenty times less than the glass control (Fig. 7). 3
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